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Abstract 
 
The oxidation of carbon monoxide has been investigated in two different 
systems, Au alloyed with Pd(111) at room temperature and Cu(110) at 90 to 
170 K. All experiments were conducted under UHV conditions using mass 
spectrometry and temperature-programmed desorption to follow the reaction. 
For the Au/Pd(111) system the intention was to improve the catalytic 
activity of the pure Pd(111) crystal by alloying with Au, as bimetallic alloys 
often display enhanced catalytic activities compared to that of the pure metal 
due to a combination of both ensemble and ligand effects. The ensemble 
effects being the arrangement of the active atoms and the ligand effects the 
electronic modifications or charge transfer associated with these active 
atoms. This was carried out by vapour deposition of various amounts Au on 
the Pd(111) crystal and annealing to form a surface alloy. Enhanced catalytic 
activities of up to 27 % was achieved by alloying with Au coverages of 
0.2 - 0.4 ML on the Pd(111) substrate followed by annealing to temperatures 
650 – 750 K compared to that of the pure Pd(111) surface.  
For the Cu(110) system we aimed to assess the catalytic activity of Cu, 
the objective being to determine the exact kinetic mechanism of the oxidation 
reaction at 90 to 170 K. This was done initially by pre-adsorbing O2 on the 
Cu(110) substrate surface at various coverage, followed by CO and 
monitoring for CO2 production. The experiment was then reversed with CO 
pre-dosed followed by O2. The catalytic oxidation reaction was found to 
proceed by a hot-precursor mechanism when O2 was dosed on a CO pre-
covered surface above 130 K. Below this temperature any O2 dosed prior to 
or after the CO uptake would tend to physisorb molecularly and only reacted 
during dissociation while the O atom remained in a reactive transient. Here, 
the atomic O reacted directly with adsorbed molecule CO transiently prior to 
adsorption to the Cu substrate a catalytic reaction akin to that of an Eley-
Rideal mechanism. 
We have studied the wetting properties, autocatalytic dissociative 
adsorption and the reactivity of the hydroxyl species originating from the co-
adsorption of water and oxygen on Cu(110) at 200 to 300 K. Experiments 
were conducted by two separate methods; using molecular beam uptakes 
and by varying the static H2O pressures from 1.0 x 10
-11 up to 5.0 x 10-7 mbar 
in conjunction with LEED and TPD.  
It has been hypothesized that the strong attractive interaction between 
mixed OH and H2O slows down the desorption kinetics of H2O sufficiently to 
produce H2O-OH structures that are stable up to RT. As a result the main 
focal point of the research was to gain some insight into the bonding 
mechanisms at elevated water pressures and ambient temperatures, whilst 
assessing the stability of the H2O-OH species.  
In addition to the 1H2O:1OH chains structures and dimers observed 
previous at these temperatures we also observed an additional stable 
structure during the TPD experiments. This structure appeared particularly 
when H2O was adsorbed with low (0.06 ML) atomic O coverages and 
became increasingly prominent when the uptake temperature was increased 
from 200 up to 240 K. The origin of this structure is discussed in the context 
of the structure proposed by earlier investigators. 
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Chapter 1 
 
1 Introduction 
Surface science in general and surface chemistry in particular can be defined 
as the study of chemical reactions at the interface of two phases. This 
includes the solid-liquid, solid-gas and liquid-gas interfaces. These interfaces 
exhibit some remarkable physical and chemical properties. The chemical 
behaviour of the solid-gas and solid-liquid interfaces is responsible for 
heterogeneous catalysis, electrochemistry and corrosion. Although studying 
interfacial chemistry in Ultra High Vacuum (UHV) conditions (10-9 mbar) and 
low temperatures can provide detailed information at the molecular level, 
most chemical processes in reality occur at much higher or ambient 
pressures and elevated temperatures. As a result there remains a degree of 
controversy as to the validity of data when extrapolating over as many as 10 
orders of magnitude. To surmount this barrier we have combined our studies 
at UHV conditions with studies at higher pressures and temperature. This 
thesis focuses on the catalytic oxidation of carbon monoxide (CO) and the 
interaction of water (H2O) on copper (Cu) and bimetallic gold/palladium 
(Au/Pd) metal surfaces. 
In chemistry bimetallic surfaces play a crucial role in a number of 
technologically important areas including heterogeneous catalysis. The 
Au/Pd surface alloy system has received a significant amount of attention 
due to its enhanced activity in a number of catalytic reactions. However, with 
this being the case, to our knowledge no CO oxidation research has been 
completed on the Au/Pd(111) system to date. All of the previous research 
carried out for CO oxidation was focused on Au/Pd(100) and Pd-Au 
nanoparticles on TiO2
1–3. In addition, a previous DFT study by Yuan et al.4 
showed that Au(111) decorated with Pd adatoms is highly active for CO 
oxidation. All of the information obtained from these researchers will be 
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presented in detail later in Chapter 3, together with our results obtained for 
the catalytic oxidation of CO on the Au/Pd(111) alloy. 
Although Cu is commonly used as an industrial catalyst essentially in 
methanol production from CO and H2, it is very rarely used for the catalytic 
oxidation of CO. On most transition metals including Cu it is generally 
assumed that the heterogeneous catalytic oxidation of CO takes place by 
way of the Langmuir-Hinshelwood (L-H) mechanism. In brief this is when 
both the reactants adsorb, migrate on the substrate surface and then collide 
to form products. This along with the Eley-Rideal (E-R) and Hot Atom (HA) 
mechanisms will be expanded on in Chapter 4.  
There is a need to extend the research already conducted on the reactivity 
of O2 with CO on Cu(110), particularly at low temperatures due to the lack of 
consistency in the results published previous. In addition, most of the 
previous work is centred specifically on the reactions of pre-adsorbed O2 with 
CO, with no straightforward interpretation of the type of intermediate species 
preceding desorption of CO2. It has been suggested in early work that pre-
adsorbed O2 at low temperatures ~ 85 to 150 K does not oxidise CO
5,6, in 
contrast to later work that suggests oxidation does take place at similar 
temperatures7. However, in addition to these inconsistencies very little 
research has been focused on the oxidation of pre-adsorbed CO. Chapter 4 
details the kinetic study of the catalytic oxidation of CO on the Cu(110) 
substrate focused on reversing the order of the pre-adsorbed reactants O2 
and CO at 90 to 170 K. 
Only recently have researchers been able to establish a clear picture of 
the structures formed by H2O at molecular level on well-defined metal 
surfaces including Cu. The structures at low temperature are determined by 
the interplay between the intermolecular H2O-H2O and H2O–substrate 
interactions. At higher temperatures the structures are determined by the 
barriers towards both diffusion and partial dissociation, with partial 
dissociation giving rise to a variety of H2O-OH structures depending on 
temperature and pressure8,9. 
It has been hypothesized that the strong attractive interactions between 
mixed OH and H2O slows down the desorption kinetics dramatically 
stabilizing H2O structures near ambient conditions of 1.33 mbar and 295 K
10. 
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Recent work suggests OH species stabilize H2O structures up to RT even at 
pressures as low as 7.5 x 10-9 mbar11. However, these latter structures 
studied by STM bear no resemblance to anything observed previously at 
UHV or ambient pressures. The results presented in Chapter 5 detail the 
wetting properties H2O and the reactivity of the OH species at pressured 
1.0 x 10-11 – 5.0 x 10-7 mbar and temperatures 200 - 300 K. 
 
 
1.1 Catalysis 
A catalyst is a substance that speeds up a reaction by allowing the reaction 
to take place through an alternative mechanism that requires lower activation 
energies. However, the catalyst is not consumed in the reaction and 
therefore does not appear in the net reaction equation. In addition a catalyst 
will have an effect on the forward and reverse rates equally, which means it 
has no effect on the equilibrium constant and thus on the composition of the 
equilibrium state.  
Catalysis can be divided into two categories, homogeneous and 
heterogeneous catalysis. Homogeneous catalysis is when the catalyst exists 
in the same phase as the reactants, gas or liquid, and enters directly into the 
chemical reaction by means of forming a new compound or complex with a 
reactant. However, after the reaction is complete the catalyst is released in 
its initial form and therefore does not appear in the net reaction equation. 
Heterogeneous catalysis, on the other hand, is when the catalyst exists in a 
different phase to the reactants. Here typically the catalyst is almost always a 
solid and the reactants gases or liquids.  
The catalytic affect in heterogeneous catalysis typically arises from 
disruption (often dissociation) of the reactant molecules brought about by 
their interaction with the surface of the catalyst. An example of this is the 
oxidation of carbon monoxide which requires the dissociation of oxygen (O2) 
prior to reaction with carbon monoxide (CO). O2 typically does not react in its 
gaseous diatomic state due to the high activation energy required to 
dissociate the diatomic O2 molecule, which is typically in the region of 1.2 eV 
(117 kJmol-1). On transition metals O2 can be dissociated with zero activation 
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energy producing atomic oxygen (O) which is then able to react with CO to 
produce CO2
12–14.  
An important factor that determines how adsorbates interact on the 
substrate surface is whether they behave as relative electron donors or 
acceptors. The CO molecules for example when adsorbed on the metal 
substrate C end down will behave as a relative electron acceptor in 
comparison to adsorbates like H2 and atomic O. This will inevitably determine 
whether there is an attraction or repulsion between co-adsorbates based on 
the dipole or charge associated with that specific adsorbate15. Consequently 
in terms of the oxidation mechanism, the C atom the electron acceptor or 
electrophile will react with the atomic O the electron donor or nucleophile. In 
addition, this donor-acceptor synergism, as will be expanded upon later 
determines the relative binding energies of the adsorbates to the substrate 
surface16.  
The existence of electron transfer and exchange properties between 
surface and adsorbate enable neutral molecules to yield a dipole, positive 
ions, negative ions or radicals depending on the electronegativity of the 
surface. This spontaneous production of a surface dipole during adsorption 
occurs when a normally full electron level lies above a normally empty level. 
If the donating level lies below the acceptor level then activation energy is 
required. There are a number of preconditions in order for electron transfer 
changes to occur. Namely, the free energy change of the overall process 
must be negative, the catalyst should possess vacant or occupied levels 
capable of accepting or donating electrons and the potential barrier between 
the catalyst and adsorbate must be permeable to electrons17. 
 
 
1.1.1 Enzyme catalysis 
Electron donors and acceptors are also important in enzymatic catalysis 
where for example the –NH2 and COOH groups act as proton donors or 
acceptors existing as -NH3
+ and –COO- in their ionic form. The fundamental 
role that enzymes play in enzymatic catalysis is to increase the rate of the 
biochemical reaction. These include assisting the transport of protons in 
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acid/base catalysis such as the keto-enol tautomerization reaction as shown 
in Mechanism 1.1. They also act as electron carriers in covalent catalysis 
such as the decarboxylation reaction where the carboxyl-lyases aids the 
removal of the COOH group and releases CO2 as shown in Mechanism 
1.218–21. 
 
 
 
Mechanism 1.1. The acid/base catalysed conversion of keto-tautomer to the enol-tautomer 
by way of proton transfer and the shifting of bonding electrons. (Source Structure: Drawn – 
using Advanced Chemistry Development ACD/ChemSketch Product Version 12.01) 
 
 
 
 
 
 
Mechanism 1.2. The catalysed decarboxylation of malonic acid to the acid enol by the 
removal of CO2, catalysed with carboxyl-lyases. (Source Structure: Drawn – using Advanced 
Chemistry Development ACD/ChemSketch Product Version 12.01) 
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1.2 Catalytic oxidation of carbon monoxide 
The heterogeneous catalytic oxidation of carbon monoxide (CO) has been 
studied extensively for the last fifty years for a number of reasons. Primarily 
CO is an extremely toxic molecule and must therefore be removed from 
anthropogenic sources e.g. transportation exhaust, industrial emissions and 
stationary sources. In the three way catalytic converter for example, CO is 
removed as CO2 from the auto-mobile exhaust by reacting with O2 or nitrogen 
on noble metals22–24. CO, along with nitrogen oxides (NOx) and volatile 
organic compounds (VOC) are the main precursors involved in the 
photochemical production of tropospheric ground level ozone, a major 
constituent of photochemical smog25–27. In addition to this, the catalytic 
reaction between atomic oxygen (Oa) and CO is commonly used to evaluate 
the catalytic activity of other closely related reactions. Specifically, it is 
believed that the intermediates involving Oa are similar in both the water-gas-
shift reaction (Equation 1.1) and the synthesis of methanol 
(Equation 1.2)28,9,29,30. 
 
𝐻2𝑂 + 𝐶𝑂 → 𝐻2 + 𝐶𝑂2                                                                   (1.1) 
 
𝐶𝑂 + 2𝐻2 → 𝐶𝐻3𝑂𝐻                                                                      (1.2) 
 
Although carbon monoxide is a flammable gas, it’s combustion in air can 
only occur between 12 and 75 vol%31. In most cases tropospheric 
concentration levels are typically in the region of 50 – 50,000 ppm, making 
combustion virtually impossible, which means abatement can only be carried 
out by way of catalysis. Historically catalytic oxidation of CO was initially 
carried out over metal oxides (hopcalites)32 and later by way of noble metal 
catalysts, especially Pt, Pd and Rh33. However, due to the increasing price of 
these metals and significant progress in oxide synthesis, catalytic oxidation of 
CO over alternative cheaper metals i.e Cu has gathered interest in recent 
years. This was one of the contributing factors for studying the catalytic 
properties of Cu in this thesis. 
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1.2.1 Chemisorption of carbon monoxide and oxygen on metal 
surfaces 
1.2.1.1 Carbon monoxide 
Blyholder first proposed the electronic model of CO chemisorbed on metal 
surfaces explaining the different vibrational spectra according to the 
alignment and location on the metal substrate34. Five IR spectral vibration 
ranges of CO adsorption bands can be detected, 1700–1800 cm-1, where the 
CO is bonded to 4 metal atoms, 1800–1920 cm-1, 3 metal atoms, 
1860-2000 cm-1, 2 metal atoms, and 2000–2130 cm-1, when the CO is 
bonded to the linear or atop position.  
The highest occupied molecular orbital (HOMO), which is the 5σ molecular 
orbital (MO), and lowest unoccupied molecular orbital (LUMO), which is the 
2π* MO are both involved when CO bonds to metal substrates. In addition to 
this the alignment of both of the MOs with respect to the Fermi level is also 
important in determining the bonding. The primary interactions when CO 
adsorbs to metal surfaces are the forward and back donations of the orbitals 
between the substrate surface atoms and those associated with the C end of 
the CO molecule, described by Blyholder as the donor-acceptor synergism. 
As shown in Figure 1.1, the 5σ MO located on the C end of the CO molecule 
acts as the electron donor, and interacts with the dz
2 states on the substrate. 
The more dominant interactions occur between the 2π* MO also located on 
the C end of the CO molecule; this acts as the electron acceptor interacting 
with the dxz,yz states on the substrate. As shown in Figure 1.2, when 
adsorbed to the Cu(110) surface, C end towards the substrate, the 5σ MO is 
completely occupied as it lies below the Fermi level and interacts strongly 
with the metal dz
2 electronic states. The 2π* MO on the other hand accepts 
electrons from the metals dxz,yz bands by back donation and is only partially 
occupied35. 
Due to the fact that the 2π* MO is antibonding with respect to the C-O 
bond, increased occupation by back donation from the metal dxz,yz bands 
leads to weakening of the C-O bond and therefore an increase in its 
reactivity. Not only do surfaces provide a meeting place for reactants, but 
also they lead to weakening of the adsorbate bonds, which in turn leads to a 
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decrease in the activation barrier for the overall reaction. This weakening of 
the C-O is also dependent on the adsorption site, with the higher coordination 
sites creating a greater weakening due to increased back donation. In 
contrast, as stated earlier the IR vibration will decrease with an increase in 
the back donation from the substrate13,33.  
It is also important to note that moving across the transition metal series 
from right to left gives rise to both an increase in the Fermi level in addition to 
the diffusiveness of the d orbitals. In combination, this leads to dissociation of 
the CO molecule on the earlier transition elements as a result of increased 
electron density from the dxz,yz states interacting with the 2π* MO
35,36.  
 
 
Fig 1.1. The Blyholder model for the non-dissociative chemisorption of CO to metal surfaces 
where the 5σ MO located on the C end of the CO molecule and interacts with the dz
2
 states 
of the metal substrate M and more dominant interactions between the 2π* MO located on 
the C end interacting with the dxz,yz states. 
 
 
 
Fig 1.2. The non-dissociative chemisorption of CO and dissociative chemisorption of O2, by 
way of the HOMO and the LUMO to the Cu(110) surface.  
Oxygen                      Cu(110) surface              Carbon monoxide          
      O2                                                                              CO 
6*        _   e-     _         6*           
2*     ↑    ↑  EF _ _        2*   LUMO  
1       ↓↑ ↓↑                                                             ↓↑            5    HOMO 
5         ↓↑                                                             ↓↑ ↓↑         1        
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1.2.1.2 Oxygen  
In comparison to CO the interaction of O2 with metal surfaces is more 
complicated, adsorbing dissociatively on metal surfaces at ambient 
temperatures. However, when adsorbed at low temperature, depending on 
the metal, it will first enter a physisorbed state and will only dissociate when 
heated, requiring adjacent metal substrate atom for dissociation. A few of the 
transition metal surfaces where chemisorbed molecular oxygen species have 
been detected at temperatures below ~150 K include Pt(111), Pd(111), 
Ni(111), Ag(110) and Cu(110). As shown in Figure 1.2, this dissociation 
occurs as a result of filling of the 2π* MO that is half filled and degenerate in 
the gaseous state. Significant charge transfer from the substrate to the 2π 
MO orbital weakens the O-O bond, which makes them likely precursors to O2 
dissociation15,37. 
 
1.2.2 The Mechanism of CO oxidation over metal surfaces 
It is generally accepted that the oxidation of CO over metal substrates 
proceeds according to a Langmuir-Hinshelwood (LH) mechanism, which will 
be discussed in detail in Chapter 4, in which the rate determining steps occur 
in the adsorbed phase. The initial step of the reaction involves the adsorption 
of both the reactants as detailed earlier. Depending on the reactivity of the 
metal, the CO may adsorb dissociatively or non-dissociatively according to 
Equation 1.3 and 1.4 respectively with the O2 adsorbing dissociatively 
according to Equation 1.5.  
 
𝐶𝑂(𝑔) → 𝐶(𝑎𝑑𝑠)+ 𝑂(𝑎𝑑𝑠)                                                                       (1.3) 
 
𝐶𝑂(𝑔)
𝑘1
⇌
𝑘2
𝐶𝑂(𝑎𝑑𝑠)                                                                                (1.4) 
 
𝑂2(𝑔)
𝑘3
⇌
𝑘4
 2𝑂(𝑎𝑑𝑠)                                                                                (1.5) 
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Adsorption energies for atomic O on late transition elements tend to range 
from 1.6 to 5 eV, much higher than that of the CO molecule38. Consequently, 
O2 desorption will generally occur at much higher temperatures than CO and 
is also a lot less mobile on the surface. Saturated atomic O coverages tends 
to be a lot lower in comparison to CO on the same metal surface due to 
strong repulsive interactions between the negatively charged O atoms. 
As stated for dissociative adsorption on any metal substrate O2 requires 
pairs of adjacent adsorption sites. Therefore with CO adsorbed first, this will 
make dissociation difficult, whereas to when the O2 is adsorbed first CO will 
be able to find vacant sites between the atomically adsorbed O. 
If oxidation is to occur by way of the Langmuir-Hinshelwood mechanism, 
which will be expanded on later in Chaper 4, an important step in the 
oxidation rate and subsequent CO2 production (Equation 1.6) is the mobility 
of both the CO and atomic O on the surface. An alternative mechanism that 
will be discussed also in Chapter 4, is the Eley-Rideal mechanism, where as 
shown in Equation 1.7, the CO molecules reacts direct with the adsorbed 
atomic O to produce CO2 
12–15.   
 
𝐶𝑂(𝑎𝑑𝑠) +  𝑂(𝑎𝑑𝑠)  
𝑘5
→
  𝐶𝑂2(𝑔)                                                       (1.6) 
 
𝐶𝑂 +  𝑂(𝑎𝑑𝑠)  
𝑘6
→
  𝐶𝑂2(𝑔)                                                           (1.7) 
 
 
1.2.3 Heterogeneous catalysis on bimetallic surface alloys catalysts vs 
pure metallic catalysts 
An alloy of two metals can change the activity or the selectivity of the catalyst 
in comparison to a pure metallic catalyst. These effects can be termed as 
poisoning or promotion of the pure metallic catalyst. Poisoning is where the 
added metal is able to attenuate or prevent the formation of undesirable side 
reactions by blocking the active sites associated with these reactions, 
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otherwise known as ensemble effects. Promotion occurs when the added 
metal changes the electronic perturbations of the pure metal structure by 
charge transfer between the two metals. This has the effect of changing the 
binding energies and likewise the activation energies associated with the 
reactants of catalytic reactions. These electronic perturbations, otherwise 
known as ligand effects, are most likely to occur when the two metals are 
alloyed, either randomly or in an ordered fashion. That is when one metal is 
dispersed into the other as opposed to being dispersed as islands, which 
would otherwise leave each metal with virtually the activity of the pure 
metals39–41. 
 
 
 
1.3 Studies of H2O on clean and atomic O metal substrates 
The interfacial molecular properties of H2O on well-defined metal surfaces 
under ultra-high vacuum (UHV) conditions has been studied extensively over 
the past two decades, primarily because H2O-metal interactions play an 
important role in many chemical processes throughout a range of fields 
beyond academia. These fields include meteorology where studies on 
epitaxial ice nucleation on metal crystal surfaces can be utilized to aid the 
process of cloud-seeding to bring about precipitation42,43. Also in the field of 
electrochemistry, where the characteristics of the molecules at the surface of 
the electrode play a key role in the electrochemical reactions as opposed to 
those of the bulk solution44. 
In addition to offering a cheaper alternative to more expensive transition 
elements in the oxidation of CO reaction, Cu plays an important role in a 
number of catalytic reactions. This includes the water-gas shift reaction 
(WGSR) as shown in Equation 1.8, with assumed redox mechanism, 
Equation 1.9. with Rate-controlling steps (𝑅𝐶𝑆)  
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𝐻2𝑂(𝑔) + 𝐶𝑂(𝑔) ⇌ 𝐻2(𝑔) + 𝐶𝑂2(𝑔)                                                   (1.8) 
 
𝑅𝑒𝑑𝑜𝑥 𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑠𝑚:                                                                            (1.9) 
 
1. 𝐻2𝑂(𝑔) ⇌ 𝐻2𝑂(𝑎𝑑𝑠) 
2. 𝐻2𝑂(𝑎𝑑𝑠) → 𝐻(𝑎𝑑𝑠) + 𝑂𝐻(𝑎𝑑𝑠)                         (𝑅𝐶𝑆) 
3. 2𝑂𝐻(𝑎𝑑𝑠) ⇌ 𝐻2𝑂(𝑔) + 𝑂(𝑎𝑑𝑠) 
4. 𝑂𝐻(𝑎𝑑𝑠) → 𝑂(𝑎𝑑𝑠) + 𝐻(𝑎𝑑𝑠)                              (𝑅𝐶𝑆) 
5. 2𝐻(𝑎𝑑𝑠) ⇌ 𝐻2(𝑔) 
6. 𝐶𝑂(𝑔) ⇌ 𝐶𝑂(𝑎𝑑𝑠) 
7. 𝐶𝑂(𝑎𝑑𝑠) + 𝑂(𝑎𝑑𝑠) → 𝐶𝑂2(𝑎𝑑𝑠)                          (𝑅𝐶𝑆) 
8. 𝐶𝑂2(𝑎𝑑𝑠) ⇌ 𝐶𝑂2(𝑔) 
9. 𝐻(𝑎𝑑𝑠) + 𝐶𝑂2(𝑎𝑑𝑠) ⇌ 𝐻𝐶𝑂𝑂(𝑎𝑑𝑠) 
 
 
In recent years there has been renewed interest in the WGSR the interest 
being largely in connection with fuel cells and fuel cell powered vehicles with 
a view to reducing greenhouse gas emissions29,30. Given that the hydroxyl 
molecule is a key rate-controlling intermediate in this and many other redox 
reactions, including proton transfer in enzymatic catalysis45, a thorough 
comprehension of its behaviour on the surface is necessary. It is also 
important in terms of developing a more active catalyst at conditions close to 
those likely to be encountered for fuel cell applications. 
 
Whilst stable water/hydroxyl (H2O-OH) structures can be produced by 
means of pre-adsorption of O followed by adsorption with H2O, there is still a 
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high degree of uncertainty with regards to the exact composition and 
structures formed at higher temperatures. As most chemical processes take 
place at ambient conditions, there is a need to bridge the gap between the 
studies conducted at low temperatures, under UHV conditions, with those 
carried out at elevated temperatures and higher pressures. In addition, under 
ambient conditions the majority of solid surfaces are covered with H2O, 
particularly at high humidity, which can adversely affect the rate of corrosive 
oxidation46. Now, whilst H2O adsorption on all metal surfaces can be 
extremely complex due to the number of reactions occurring, the basic 
questions one needs to consider are; under ambient conditions what are the 
products? Does H2O adsorb, and if so does it remain intact molecularly in 
clusters or dissociate and what conditions will have an influence on the 
reaction pathway? It has been suggested that well-ordered H2O-OH 
structures are thermally stable up to room temperature46, which is the main 
theme of this study later in the thesis47.  
 
The molecularly intact and partially dissociated H2O overlayers are 
stabilized by the cooperative effect of the surface bound O non-bonding lone 
pair, interacting with the electron-poor cationic sites, together with 
intermolecular H-bonding. H-bonding is the dynamic electrostatic attraction 
that occurs between a pair of typically electronegative atoms involving an H 
atom located between them. As shown in Figure 1.3 for pure H2O not bound 
to any substrate, H-bonding occurs where the partially positively charged H 
atom lies between partially negatively charged oxygen atoms. With the 
formation of H-bonds between H2O molecules there is a redistribution of 
electrons which enhances the formation of further H-bonding. This occurs 
when the H2O molecule donating the H-bonds subsequently experiences an 
increase in electron density on the O lone pair which subsequently 
encourages the formation of further H-bonds from other H2O molecules. This 
effect of electron redistribution followed by the acceptance of H-bonds is 
known as the cooperative effect. There is also an anti-cooperative effect 
where the acceptance of a single H-bond marginally discourages the 
acceptance and formation of further H-bonds. This also occurs between both 
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H2O-H2O and H2O-OH structures on the substrate surface with the partially 
dissociated H2O-OH structures having the greater stability.  
 
 
Fig 1.3. H-bonding occurring in H2O molecules between the partially positively charged H 
atom (white) and the partially negatively charged O atom (red). The non-bonding lone pairs 
are only shown on the accepting O atom attached to the H2O molecule labelled 1 with the 
participating H atoms covalently attached to the two donor H2O molecules labelled 2 and 3. 
 
 
 
For the intact monomer, the non-bonding lone pairs are made up of 
contributions from the 2px (b1), 2pz (3a1) and 2s (2a1) MO as shown in Figure 
1.4 with the accompanying molecular orbital diagram Figure 1.5. These 
symmetry labels a1 and b1 are based on the classification of the H2O 
molecule into the C2v point group as shown in Figure 1.6.  
There is a general tendency for H2O, when binding to metal surfaces, to lie 
almost parallel to the surface. As a result the surface bonding will favour the 
non-bonding 2px (b1) orbital interacting with the vacant d orbital. This is in 
combination with the filled d orbital interacting with the vacant anti-bonding 
(3a1) MO (Figure 1.7). H-bonding occurs directionally between the lone pair 
of the electronegative O and the net positive charge on the H atom, which is 
produced by intra-molecular polarisation, giving rise to cluster formation on 
the surface48. 
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Fig 1.4. The intact H2O monomer, showing (A) the non-bonding lone pairs which are made 
up of contributions from (B) the 2px (b1), (C) the 2pz (3a1) and (D) the 2s (2a1) molecular 
orbitals. 
  
 
 
 
 
Fig 1.5. Molecular orbital diagram for H2O molecule with the a1 and b2 overlap symmetries 
highlighted in red and blue respectively. The 2px non-bonding orbital has b1 symmetry with 
no overlap and there has the same energy as the original atomic orbital. 
 
Chapter 1 
16 
 
 
Fig 1.6. C2v symmetry of the H2O molecule, indicating the C2 operation and combination of 
reflections σ’v in the y,z plane and σv in the x,z plane with the a1 and b1 symmetry labels 
highlighted. 
 
 
 
Fig 1.7. Bonding of the molecular H2O monomer to the substrate, mainly from the non-
bonding 2px (b1) molecular orbital in combination with the filled d orbital from the substrate 
interacting with the vacant anti-bonding (3a1) molecular orbital. 
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The basis of the dissociated structure is the strong Cu-OH chemical bond 
where stabilization takes place by charge transfer from the substrate to the 
partially occupied 1π lone pair orbital of the OH as shown in the molecular 
orbital diagram Figure 1.8. As a result the dissociated H-bonded structure 
where H-bonding is directional from the H2O to the OH is far stronger than 
that of the H-bonded H2O to H2O bonded structure. This leads to asymmetry 
between the O-O distances, very similar to hydroxyl ions in solution. The 
significance of the charge transfer from the metal substrate to the partially 
occupied 1π lone pair orbital of the OH is important in that it stabilizes long-
range lateral order for mixed H2O-OH complexes. This was detailed as the 
cooperative effect which in turn also has a dramatic effect on the reactivity of 
the surface. This reactivity is evident in the relative bond strengths for the 
different interactions of mixed H2O + OH complexes on metal surfaces. In 
decreasing relative bond strength order Metal-OH ˃˃ H2O-OH ˃ Metal- H2O 
≈ H2O-H2O ˃ OH-H2O
9,49–51.  
 
  
 
Fig 1.8. Molecular orbital diagram for the hydroxyl and hydroxyl ion, where stabilization takes 
place by charge transfer from the substrate to the partially occupied 1π lone pair orbital. 
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1.3.1 Electron transfer, redox and corrosion 
As detailed electron transfer occurs when an electron transfers from an 
atom or molecule to another chemical entity. Another example of this is in a 
reduction-oxidation (redox) reaction where the oxidation state of the 
reactants and products changes. In humid gases, a thin layer of moisture is 
present on metal surfaces. This can give rise to the deterioration of the metal 
by way of a galvanic process called corrosion. Although the deterioration 
takes place by way of an overall redox reaction involving the oxidation of the 
metal, it does not necessarily result in the production of the metal oxide as 
shown in Equations 1.10 - 1.12 for the redox corrosion of copper. Under 
ambient conditions, the oxidation of most metals excluding gold and platinum 
is thermodynamically spontaneous; as a result knowledge of the adsorbed 
aqueous phase is important in order to develop a model of atmospheric 
corrosion52. 
 
Cu corrosion process 
 
Oxidation reaction at the anode: 
 
𝐶𝑢(𝑠) → 𝐶𝑢
2+ + 2𝑒−                                                                                      (1.10) 
 
Reduction reaction at the cathode: 
 
𝐻2𝑂(𝑎𝑑𝑠) + 
1
2
𝑂2(𝑔) + 2𝑒
− → 2𝑂𝐻−(𝑎𝑑𝑠)                                                   (1.11) 
and/or 
2𝐻+ + 2𝑒− →  𝐻2(𝑔)                                                                               (1.12) 
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1.4 Thesis Outline 
This Thesis consists of six chapters. This chapter, Chapter 1, presented a 
brief introduction to catalysis, the heterogeneous catalytic oxidation of CO on 
single and bimetallics surfaces in addition to an introduction to the studies of 
H2O on clean and atomic O covered surfaces. Chapter 2 gives a thorough 
description of the experimental setup used throughout. This includes a 
description of both UHV chambers, the crystal types used, and a breakdown 
of all the instruments and analytical techniques used, including LEED, MCP-
LEED, QMS, TPD and PVD. Chapter 3 outlines the catalytic oxidation of CO 
on the Au/Pd(111) alloy in comparison with the pure Pd(111) crystal where 
Chapter 4 focusses on the kinetic mechanism of the oxidation reaction at 90 
to 150 K on Cu(110). In Chapter 5 the wetting properties, the formation of 
the H2O-OH phases and the reactivity of the hydroxyl species on Cu(110) 
were studied at 200 to 300 K. Chapter 6 gives a brief summary of the 
significance of all the findings with suggestions for further work, publications 
and conference contributions. 
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Chapter 2 
 
2 Experimental 
In order to achieve useful information from surface science studies, almost all 
studies are carried out under Ultra High Vacuum (UHV) conditions, that is, at 
pressures at or below 10-9 mbar. This enables atomically clean surfaces to 
be prepared and maintained in a contamination-free state for the duration of 
the proposed experiment. Additionally, this permits molecular beam and 
sublimation dosing, low energy electron and ion based experimental 
techniques, with limited interference from gas phase scattering. This chapter 
starts with a detailed explanation of each technique in full, since these are 
used throughout the experiments detailed in the latter parts of the thesis. 
 
 
2.1 Ultra-high vacuum Chambers 
All of the experiments presented in this thesis were performed in one of the 
two ultra-high vacuum (UHV) chambers 1 & 2 as shown in Figures 2.1 & 2.2 
respectively. 
Chamber 1 consisted of three stages and the main chamber, each 
differentially pumped by water cooled oil diffusion pumps (each backed by 
rotary vane pumps) in addition to two turbo pumps and an ion pump, to 
maintain an operating base pressure of < 10-10 mbar. The main chamber was 
also equipped with a second two stage molecular beam, differentially 
pumped independently by separate turbo pumps as shown in Figure 2.1.  
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Fig. 2.1. Schematic of vacuum chamber 1, with the LEED optics, Au doser, and Quadrupole 
Mass spectrometer (QMS) attached to the main chamber which is equipped with an 
independently pumped two stage molecular beam arm. 
 
 
 
 
Fig. 2.2. Schematic of vacuum chamber 2, with the LEED optics, Auger Electron 
spectrometer, Quadrupole Mass spectrometer (QMS) and two stage molecular beam arm 
attached to the main chamber. 
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Chamber 2 consisted of a two stage beam source and the main chamber, 
each differentially pumped by water cooled oil diffusion pumps, (each backed 
by rotary vane pumps) again to maintain operating base pressures of 
< 10-10 mbar. Here the molecular beam arm is positioned directly inside the 
primary stage as illustrated in Figure 2.3. In addition both chambers were 
equipped with a liquid nitrogen LN2 cold trap mounted directly above the 
diffusion pump to the main chamber. This was filled daily with LN2 in order to 
prevent any unwanted gases and oil vapours back-streaming into the main 
chamber by condensation. This section of the chamber was also pumped by 
a titanium sublimation pump (TSP) section, containing a 
titanium/molybdenum alloy filament which when heated produced a titanium 
vapour, coating the surrounding chamber walls. This layer would 
subsequently react with any active gases to form stable compounds such as 
titanium oxide, hence removing them from the chamber.  
 
 
 
Fig. 2.3. Schematic of the two stage molecular beam stage linked to the rear of the main 
chamber 2 
 
At UHV pressures of 10-10 mbar, the mean free path of the gas molecule is 
circa 700 km, consequently the gas molecules will collide with the chamber 
walls many times before colliding with each other. To put it another way, with 
ultra-high vacuum pressures of < 10-10 mbar, assuming at worst, a sticking 
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coefficient of S (θ) = 1; a typical gaseous contaminant such as carbon 
monoxide will require approximately 11 hrs to form a monolayer on a Cu(110) 
crystal at 300 K. For reliable studies of systems that are extremely sensitive 
to contamination, this is a precondition. 
 
In order to achieve and maintain UHV conditions, some of the following 
conditions are required: the use of materials that exhibit very low rates of out-
gassing under vacuum and where applicable, tolerate bake-out temperatures 
up to 150 °C. This is achieved by the use of special stainless steels, the use 
of low vapour pressure materials such as glass and ceramics and high 
pumping speeds. The process of baking the chambers up to temperatures of 
150 °C for periods of 12 hours or more with continuous pumping greatly 
accelerates all thermally activated processes. Both the surface and bulk 
adsorbed gases are removed at a much greater rate than at room 
temperature, drastically reducing the out-gassing when cooled back to room 
temperature53,54,15.  
 
Both of the chambers are equipped with a sample manipulator which 
enables cooling of the crystal down to temperatures of 90 K by filling with 
liquid nitrogen along with heating up to temperatures of 1000 K by resistive 
heating by way of an electrical feed-through. Sample temperatures are 
monitored by the use of a thermocouple mounted to the side of the crystal. 
All crystals were mounted (by the use of 0.2 – 0.5 mm Tantalum (Ta) wires 
on Ta rods) on the 360° rotatable manipulator which could also be moved 
horizontally in the x, y-plane and vertically along the z-axis.  
 
 
2.2 Crystal types and Preparation 
The crystals used for this study were Cu(110) and Pd(111), with surface 
areas of 100 mm2 and 80 mm2, both cut and polished to within an accuracy 
of 0.25° and 0.1° of the crystallographic plane respectively. The Cu(110) 
crystal was mounted using 0.25 mm Ta wire suspended in grooves milled at 
the top and base on the crystal, whereas the Pd(111) was mounted by spot 
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welding 0.125 mm Ta wires directly around the circumference of the crystal 
(Figure 2.4). The ends of the wires were spot welded to two Ta rods attached 
to the Cu feed-through. As stated earlier, the sample temperature was 
monitored by means of a 90%Ni/10%Cr (T1) Chromel – 
95%Ni/2%Mn/2%Al/1%Si (T2) Alumel K-type thermocouple spot welded 
directly to the side of the Pd(111) crystal or inserted into an aperture on the 
side of the Cu(110) crystal. 
Both crystals underwent extensive Ar+ ion sputtering cleaning cycles for 
15-20 minutes at a drain current of 2 - 5μA (500 eV) at room temperature 
after mounting and prior to each experiment in order to remove surface 
contaminants such as carbon, oxygen and sulphur. This was followed by 
post-irradiation flash annealing to 823 K for Cu(110) and 1023 K for the 
Pd(111) to remove any lattice defects produced from the impinging ions and 
to remove any shallow implanted argon. The surface ordering prior to 
analysis was assessed by Low Energy Electron Diffraction (LEED) and 
Temperature-programmed desorption (TPD)53,55. 
 
 
 
Fig. 2.4 Sample crystal mounted on the Cu feed-through Ta rods at the base of the 
manipulator. The K-type thermocouple is spot welded or inserted into the side of the crystal 
to monitor the temperature. 
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2.3 Low Energy Electron Diffraction (LEED) 
Low energy electron diffraction (LEED) was used both qualitatively and 
quantitatively for the determination of the surface structures formed. 
Qualitative analysis involved analysing the spot positions produced by the 
diffraction image in order to obtain the size, symmetry and rotational 
alignment of the adsorbate unit cell with respect to the substrate unit cell. 
Quantitative analysis involved analysing the intensities of the spot positions 
across a succession of electron beam energies to obtain I-V curves, and 
comparing with theoretical curves to determine the complete surface 
structure (i.e. the positions and identities of all the atoms within the unit 
cell)56.  
Figure 2.5 shows the experimental setup for direct observation of the 
LEED patterns. The apparatus consists of an electron gun which emits an 
electron beam (from the cathode set at a negative potential – V) of 
well-defined low energy electrons (typically in range 20 – 200 eV) incident 
normal on the surface. These electrons undergo diffraction on striking the 
surface, due to their wave characteristics, and are only diffracted back if the 
crystal has a well ordered surface structure. As shown, the apparatus 
consists of four grids and a fluorescent screen. The first grid and the sample 
are grounded, creating a field free environment for any diffracted electrons. 
The second and third grids are set at a potential slightly lower than the 
cathode potential (V – ΔV) to cut off any inelastically scattered electrons, with 
the fourth grid grounded to shield the other grids from the fluorescent screen, 
which is set at a potential ≈ +5 kV. At such a high positive potential any 
elastically scattered electrons passing through the retarding second and 
thirds grids are accelerated giving rise to fluorescence when striking the 
screen to produce the desired diffraction pattern56. This diffraction pattern is 
a reflection of the symmetry and crystalline order of the surface. 
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Fig. 2.5. The schematic setup of the LEED apparatus with the electrons (blue) diffracting 
from the crystal sample. The various grids ensure only the elastically scattered electrons 
reach the fluorescent screen. 
 
 
2.3.1 Principles of LEED & Multichannel Plate (MCP) LEED 
There are two principle reasons why low energy electrons are used for the 
determination of surface structures on crystal surfaces. The de Broglie 
wavelength of electrons in the range 20 – 200 eV is approximately 
0.1 - 0.3 nm. This satisfies the condition of diffraction on atomic structures, 
i.e. this wavelength is equal or smaller than the inter-atomic distances of both 
the adsorbate and substrate. Additionally, the mean free path length of these 
low energy electrons equates to only a few angstroms (a few atomic layers) 
in a crystal substrate. Consequently, most of the elastic scattering occurs in 
the uppermost layers of the sample, which will therefore make the maximum 
contribution to the diffraction pattern thus keeping any contribution from the 
deeper atoms to a bare minimum.  
One of the disadvantages of using LEED to determine weakly bound or 
inherently sensitive structures is the intrinsic problem of electron beam 
damage destroying the adsorbate prior to obtaining an image. This was 
minimised by the use of a dual channel electron multiplier array LEED often 
called a microchannel plate (MCP) LEED. Whereas the standard LEED 
instruments are normally operated with beam currents in the microampere 
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range, the MCP-LEED is specifically designed to be operated with beam 
currents ranging from pico to nanoamperes.  
The MCP is a device placed in front of the fluorescent screen, a fraction of 
mm in thickness, consisting of millions of 25 μm pore channels. Each 
microchannel is coated with a high-resistance semiconductor which serves 
as a secondary electron multiplier, as shown in Figure 2.6. These 
microchannels are electrically connected in parallel by metal electrodes on 
the opposite faces of the plate for high voltage operation in ultra-high vacuum 
conditions. With the application of a voltage there is a continuous potential 
gradient along the length of each microchannel, therefore as soon as a 
charged particle i.e. an electron with sufficient energy falls on the front 
surface of the MCP, it typically produces 2 to 3 electrons. These electrons 
are accelerated down the microchannel by a positive bias voltage. Striking 
the mocrochannel walls they subsequently produce additional electrons 
which get accelerated further down the microchannel and collide with the wall 
producing more secondary electrons. This process of amplification of the 
electron cloud continues till the end of the microchannel producing a pulse 
with a gain as high as ~103 in one plate or ~106 across two plates. 
Consequently with these high gains, the MCP-LEED permits analysis of 
inherently sensitive structures at much lower beam currents. 
 
Fig. 2.6. An Illustration of a single microchannel with electron multiplication taking place from 
the primary input (blue) giving rise to a gain as high as 10
3
.  
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2.3.2 Diffraction from periodic array 
2.3.2.1 One Dimensional 
Figure 2.7 illustrates the diffraction of electrons from a one-dimensional 
periodic array with lattice constant 𝑎 at an angle 𝜃.  
 
 
Fig. 2.7. The schematic representation of the back scattering of electrons (blue) with a path 
difference ‘d’ from a one dimensional plane of atoms (grey circles) with atomic spacing ‘a’. 
 
As shown with path difference 𝑑; 
sin 𝜃𝑎 =
𝑑
𝑎
 
 
∴ 𝑑 = 𝑎. sin 𝜃𝑎                                                        (2.1) 
 
The interference is constructive when the path difference is in multiples of 2𝜋 
or integers of 𝑛, a condition known as Bragg’s diffraction; 
 
𝑑 = 𝑛𝜆                                                                         (2.2) 
 
Where; 𝑛 = Integer or Integral Number (0, ±1, ±2, ±3, ±4 etc) and 𝜆 = the 
de Broglie Wavelength of electrons. 
 
Combining Equations 2.1 & 2.2; 
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𝑛𝜆 = 𝑎. sin 𝜃 
 
∴ sin 𝜃𝑎 =
𝑛. 𝜆
𝑎
                                                       (2.3) 
 
On observation of Equation 2.3, one can see that for a fixed wavelength 𝜆, an 
increase in the lattice constant 𝑎 will inevitably give rise to a decrease in the 
diffraction angle 𝜃 and likewise sin 𝜃, giving rise to narrower diffraction 
patterns. Similarly, for a fixed lattice constant 𝑎, a decrease in the 
wavelength 𝜆, (increase kinetic energy) will give rise to a decrease in the 
diffraction angle, again giving rise to narrower diffraction pattern. 
Given that the electron beam has a periodic (sinusoidal) oscillation in space, 
its spatial frequency, or wave number, can be defined as the number of 
waves that exits over a specified distance; 
 
?̅? =
1
𝜆
 
 
In multidimensional systems where there are several independent variables, 
diffraction is usually described using the wave vector. The wave vector of the 
electron |𝑘0| can be defined as; 
 
|𝑘0| =
2. 𝜋
𝜆
                                                                 (2.4) 
 
 
The de Broglie wavelength 𝜆, is related to its’ momentum 𝑝, through Planck’s 
constant57; 
 
𝜆 =
ℎ
𝑝
                                                                         (2.5) 
With momentum;  
 
𝑝 = 𝑚𝑣                                                                         (2.6) 
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Combining Equation 2.4 with the de Broglie relationship Equation 2.5 
(incorporating Equation 2.6) to eliminate wavelength 𝜆 gives; 
 
|𝑘0| = (
2. 𝜋
𝑛
) 𝑚. 𝑣                                                             (2.7) 
 
Additionally combining Equation 2.4 with Equation 2.3 to eliminate 
wavelength 𝜆 gives; 
 
|𝑘0| = (
2. 𝜋
𝑎. sin 𝜃𝑎
) 𝑛 
 
∴  |𝑘0|. sin 𝜃𝑎 = (
2. 𝜋
𝑎
) 𝑛                                             (2.8) 
 
 
 
From Figure 2.8; 
 
sin 𝜃 =
𝑘∥
𝑘0
 
 
∴  𝑘∥ = 𝑘0. sin 𝜃                                                    (2.9) 
 
cos 𝜃 =
𝑘⊥
𝑘0
 
 
∴ 𝑘⊥ = 𝑘0. cos 𝜃                                                 (2.10) 
 
On observation of Figure 2.8 and Equation 2.8 with Equation 2.9, clearly 
|𝑘0|. sin 𝜃𝑎 is a component of the parallel wave vector 𝑘
∥, with the quantized 
unit 2𝜋 ∕ 𝑎 being the magnitude of the one dimensional reciprocal lattice 
vector; 
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∴ ∆𝑘∥ = |𝑘0|. sin 𝜃𝑎 = (
2𝜋
𝑎
) 𝑛                                  (2.11) 
 
 
 
 𝑘∥ 
 
𝑘0 
 𝑘⊥                         𝜃 
 
 
Fig. 2.8. The resolution of incident electron beam wave vector 𝑘0 into parallel 𝑘
∥ and 
perpendicular 𝑘⊥ components. 
 
2.3.2.2 Two Dimensional 
The introduction of periodicity in a second dimension ‘y’ orthogonal to the 
first, simply leads to second diffraction condition. Therefore using a lattice 
parameter of 𝑏 and an integer or integral number 𝑚; along ‘y’ 
 
∴ sin 𝜃𝑏 =
𝑚. 𝜆
𝑏
                                                   (2.12) 
 
& ∆𝑘∥ = |𝑘0|. sin 𝜃𝑏 = (
2𝜋
𝑏
) 𝑚                                       (2.13) 
 
The point of interception of both independent one-dimensional reciprocal 
lattice vectors gives rise to a corresponding two-dimensional reciprocal lattice 
vector 𝐺, resulting in a two-dimensional LEED diffraction pattern. 
 
∴ 𝐺 = ∆𝑘∥ = (
2𝜋
𝑎
) 𝑛 + (
2𝜋
𝑏
) 𝑚                                     (2.14) 
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More generally for a 2D surface net of arbitrary symmetry, the LEED pattern 
is a scaled representation of the reciprocal surface net. The relationships 
between the real space lattice vectors (𝑎, 𝑏) and the reciprocal lattice vectors 
(𝑎∗, 𝑏∗) are; 
 
|𝑎∗| =
2𝜋
|𝑎|
                                                         (2.15) 
  
|𝑏∗| =
2𝜋
|𝑏|
                                                        (2.16) 
 
With |𝑎∗| perpendicular to |𝑏| and with |𝑏∗| perpendicular to |𝑎| therefore; 
 
𝑎. 𝑏∗ = 𝑎∗. 𝑏 = 0                                             (2.17) 
𝑎. 𝑎∗ = 𝑏∗. 𝑏 = 1                                             (2.18) 
 
And with 
2𝜋
|𝑎|
 and 
2𝜋
|𝑏|
 the magnitude of the reciprocal lattice vector, Equation 
2.14 can be generalised to; 
 
𝐺 = ∆𝑘∥ = (𝑎∗)𝑛 + (𝑏∗)𝑚                                              (2.19) 
 
There is an inverse relationship between the real space lattice vectors 
(𝑎, 𝑏) and the reciprocal lattice vectors (𝑎∗, 𝑏∗). This means that a long vector 
in real space corresponds to a short vector in reciprocal space according to 
Equation 2.20 and 2.21.  
 
|𝑎| =
1
|𝑎∗| cos 𝜃
                                                         (2.20) 
 
|𝑏| =
1
|𝑏∗| cos 𝜃
                                                         (2.21) 
 
Where 𝜃 is the angle between the vectors (𝑎, 𝑎∗) and  (𝑏, 𝑏∗). 
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For specific surfaces as shown in the example (Figure 2.9) the angle 
between the vectors (𝑎, 𝑎∗) and  (𝑏, 𝑏∗) equates to zero, therefore Equation 
2.20 and 2.21 simplifies to a simple reciprocal relationship between the 
lengths. 
 
 
 
Fig. 2.9. Diffracted LEED pattern for real space lattice vectors perpendicular to the reciprocal 
lattice vectors. 
 
 
 
It is possible to interpret all LEED patterns by applying the following set of 
rules; 
 
 𝑎 must be perpendicular to 𝑏∗ and 𝑏 must be perpendicular to 𝑎∗. 
 𝑎 must be parallel to 𝑎∗ and 𝑏 must be parallel to 𝑏∗. 
 Lengths of vectors |𝑎| =
1
|𝑎∗| cos 𝜃
 and |𝑏| =
1
|𝑏∗| cos 𝜃
 . 
 
Applying the above for a (111) hexagonal surface of a simple face centred 
cubic lattice; Figure 2.10 shows the real and reciprocal lattice vectors. 
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Fig. 2.10. Lattice vectors defining the surface unit cell of a (111) crystal and the 
corresponding reciprocal lattice vector. 
 
 
2.4 Quadrupole Mass Spectrometer (QMS) 
A Quadrupole Mass Spectrometer (QMS) was used for qualitative or 
quantitative analysis of gasses within the UHV chamber on the basis of their 
partial pressure. The distinction among the individual gases is fundamentally 
on the basis of their individual molar masses. Therefore the primary purpose 
is to register qualitatively the proportions of gas within the system with 
regards to the individual molar masses and subsequently determine 
quantitatively the amount of the individual gases on the basis of various 
atomic numbers. In brief the measurement devices comprise of a sensor, 
quadrupole separator and an ion trap (Figure 2.11). The separation of 
charged particles differing in masses and charges is done by utilizing 
electrical and magnetic fields which causes only those particles with a certain 
mass-to-charge to move along a stable track (distance < 𝑟0 between the 
rods) and reach the detector. The remaining particles move along an 
unstable path (distance > 𝑟0 between the rods) colliding with the rods where 
they are discharged (neutralized) thus becoming unavailable to the detector. 
The detectors can be in the form of an ion trap Faraday cage (Faraday cup) 
or secondary electron multiplier SEM. Channeltrons or channeltron plates 
can be used as SEMs to achieve greater sensitivity with gains up to 106.  
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Fig. 2.11. A schematic of a quadrupole mass spectrometer with the ion source, quadrupole 
separating system and ion trap detector illustrated. Certain ions of a specific mass-charge-
ratio passing through the quadrupole separating system are separated when given a set of 
conditions (U, V, ω and t). 
 
 
2.5 Temperature-Programmed Desorption (TPD), Thermal 
Desorption Spectroscopy (TDS) 
One of the most sensitive techniques used to determine both the surface 
kinetics and thermodynamic parameters of desorption/decomposition 
reactions on surfaces is Temperature-programmed desorption (TPD). This is 
particularly important in determination of the binding energy (strength of the 
interaction) between the substrate and the adsorbate and to obtain a 
measure of the actual coverage.  
When the substrate is heated there will be a point at which the thermal 
energy of the adsorbate is such that the molecular species decomposes to 
yield either gaseous products or other adsorbate species, the 
atomic/molecular species reacts with the substrate to yield specific surface 
compounds or diffuse into the bulk, or alternatively the adsorbate may have 
enough energy to undergo desorption prior to or after decomposition.  
Basically the sample (crystal) is exposed to the desired gas either by 
back-filling the UHV chamber or by molecular beam. After exposure the 
sample is rotated to face the quadrupole mass spectrometer and heated at a 
steady controlled rate 
𝑑𝑇
𝑑𝑡
 (a temperature program where the Temperature 𝑇 is 
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a linear function of the time 𝑡, see Equation 2.22) and the partial pressures of 
any atoms or molecules desorbing from the surface monitored. For all of the 
experiments in this thesis the heating rates 
𝑑𝑇
𝑑𝑡
 were set between 1 – 3 Ks-1. 
This experimental technique is also often referred to as thermal desorption 
spectroscopy (TDS) when the experiments are performed specifically using 
well-defined surfaces of single-crystalline samples in a continuous pumped 
UHV chamber.  
 
According to the following Equation 2.22 during a TPD the sample (crystal) is 
heated in a fashion where the heating rate is linear in time; 
 
𝑇𝑡 = 𝑇0 +
𝑑𝑇
𝑑𝑡
𝑡                                                                 (2.22) 
 
 
∴         𝑇𝑡 = 𝑇0 + 𝛽𝑡                                                                 (2.23) 
 
 
Where; 𝑇𝑡 = Sample temperature at time 𝑡, 𝑇0 = Initial sample temperature 
(Temperature at t = 0), 𝛽 = Heating rate (Ks-1) at time 𝑡. 
 
 
2.5.1 Theoretical analysis 
2.5.1.1 Polanyi-Wigner equation 
The shape of the TPD/TDS curve contains information about the desorption 
kinetics of the adsorbate/substrate interaction. Only a portion of the desorbed 
ionized adsorbates are collected by the mass spectrometer therefore the 
TPD curve (or partial pressure) is only proportional to the atomic/molecular 
coverage (number of adsorbed molecules 𝑁) and not equal to it. It is also 
therefore proportional to rate of desorption of the adsobate (
𝑑𝑁
𝑑𝑡
) which 
equates to the rate of change/loss of coverage (
𝑑𝜃
𝑑𝑡
). The rate of chemical 
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desorption process often follows Arrhenius-type behaviour and can be 
described by the Polanyi-Wigner equation in its most general form: 
 
𝑑𝑁
𝑑𝑡
= −
𝑑𝜃
𝑑𝑡
= 𝑣𝜃𝑛. 𝑒𝑥𝑝 (−
𝐸𝑑𝑒𝑠
𝑅𝑇
)                             (2.24) 
 
Where; 𝑁 = Number of Adsorbed Molecules, 𝑡 = time (s), 𝜃 = Coverage 
(ML), 𝑣 = Frequency or Pre-exponential factor (s-1), 𝑛 = Kinetic or Desorption 
order, 𝐸𝑑𝑒𝑠 = Activation energy to desorption (kJmol
-1), 𝑇 = Temperature (K) 
and 𝑅 = Universal Gas constant (8.314 Jmol-1K-1)  
 
The rate of desorption (change of coverage) may also be expressed as: 
 
−
𝑑𝜃
𝑑𝑡
= 𝑘𝑑𝑒𝑠𝜃
𝑛                                                  (2.25) 
 
Where; 𝑘𝑑𝑒𝑠 = rate constant (for desorption), and if this obeys an Arrhenius 
dependency, it can be written: 
 
𝑘𝑑𝑒𝑠 = 𝑣𝑛𝑒𝑥𝑝 (−
𝐸𝑑𝑒𝑠
𝑅𝑇
)                                             (2.26) 
 
The desorption process (change/loss of coverage) can be written as: 
 
𝑑𝜃
𝑑𝑡
=
𝑑𝜃
𝑑𝑇
×
𝑑𝑇
𝑑𝑡
=
𝑑𝜃
𝑑𝑇
 𝛽                                      (2.27) 
 
 
With heating rate; 
 
𝛽 =
𝑑𝑇
𝑑𝑡
                                                                (2.28) 
 
Substituting into Equation 2.25: 
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−
𝑑𝜃
𝑑𝑇
𝛽 = 𝑘𝑑𝑒𝑠𝜃
𝑛 
 
∴ −
𝑑𝜃
𝑑𝑇
=
𝑘𝑑𝑒𝑠𝜃
𝑛
𝛽
 
 
 
Combining with Equation 2.26: 
 
−
𝑑𝜃
𝑑𝑇
=
𝑣𝜃𝑛
𝛽
. 𝑒𝑥𝑝 (−
𝐸𝑑𝑒𝑠
𝑅𝑇
)                                          (2.29) 
 
The rate of the desorption process contains a term for the coverage 𝜃𝑛 and 
activation term 𝑒𝑥𝑝 (−
𝐸𝑑𝑒𝑠
𝑅𝑇
). If the activation energy to desorption 𝐸𝑑𝑒𝑠 is 
much greater than 𝑅𝑇, little or no desorption occurs. As the temperature is 
increased the activation term increases exponentially until desorption occurs.   
 
 
2.5.1.2 Desorption order 
Zero-order desorption kinetics 
With 𝑛 = 0 
−
𝑑𝜃
𝑑𝑡
= 𝑣. 𝑒𝑥𝑝 (−
𝐸𝑑𝑒𝑠
𝑅𝑇
)                                             (2.30) 
 
Zero-order kinetics occurs when an adsorbate forms a thick adsorbate layer 
(multilayer). In this case all of the TPDs share a common leading edge, with 
a rapid drop when all of the adsorbates have desorbed. The peak maximum 
moves to higher temperatures with increasing coverage. Whilst the rate of 
desorption increases exponentially with temperature it is independent of 
coverage (Figure 2.12). 
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Fig. 2.12. Zero-order desorption of adsorbates at various coverages 𝜃 from the substrate 
surface all sharing a common leading edge. 
 
First-order desorption kinetics 
With 𝑛 = 1 
 
−
𝑑𝜃
𝑑𝑡
= 𝑣θ. 𝑒𝑥𝑝 (−
𝐸𝑑𝑒𝑠
𝑅𝑇
)                                                (2.31) 
 
First-order kinetics occurs during non-dissociative atomic or molecular 
desorption. Here the peaks have a characteristic asymmetric peak shape 
with a constant peak maximum regardless of coverage 𝜃 (Figure 2.13), which 
means the rate of desorption is directly proportional to 𝜃. 
 
 
Fig. 2.13. First-order desorption of adsorbates at various coverages from the substrate 
surface all have a characteristic asymmetric peak shape with a constant peak maximum 
regardless of coverage. 
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Second-order desorption kinetics 
With 𝑛 = 2 
 
−
𝑑𝜃
𝑑𝑡
= 𝑣θ2. 𝑒𝑥𝑝 (−
𝐸𝑑𝑒𝑠
𝑅𝑇
)                                           (2.32) 
 
Second-order desorption kinetics is only strictly observed during 
recombinative desorption: 
 
A(ads) + B(ads)  AB(ads)  AB(g) 
 
The peaks have a characteristic almost symmetrical shape with a common 
trailing edge with the peak maximum moving to lower temperatures with 
increasing 𝜃 (Figure 2.14).  
 
 
 
Fig. 2.14. Second-order desorption of adsorbates at various coverages 𝜃 from the substrate 
surface all have an almost characteristic symmetric peak shape with a common trailing edge. 
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2.6 Dosing of Gases & Molecular Uptake 
Dosing of the gases for analysis was achieved either by leaking directly into 
the chamber and monitoring the pressure on the ion gauge, or by using a 
molecular beam and monitoring the individual partial pressure by the 
quadruple mass spectrometer (QMS). The advantage of background dosing 
is that one is able to replicate experiments more in line with those taking 
place at ambient conditions as there is more often than not a need to bridge 
the gap between the studies conducted at low temperatures, under UHV 
conditions, with those carried out at elevated temperatures and higher 
pressures. However, the disadvantage is, being non directional the gases 
have a tendency to stick to all areas of the sample and chamber making it 
difficult to obtain accurate results, particularly when performing quantitative 
TPD experiments, mainly due to interfering desorption from other sections of 
the manipulator and to the background pressure remaining high for extended 
periods as desorption occurs from the chamber walls. When using a 
molecular beam the gas source is collimated with a well-defined flux, allowing 
greater control on both the direction and quantity of gases being dosed. 
Additionally, as surface reactions are dependent also on the translational, 
vibrational and rotational states of the incident molecules, all of these factors 
can be controlled by using a modified molecular beam source, but not by 
background dosing. 
 
 
2.6.1 Sticking probability and kinetics of adsorption 
The sticking probability 𝑆 or the adsorption rate is a measure of the ability of 
a surface to adsorb incident atomic or molecular particles. Adsorption may be 
intact or dissociative, by either physisorption or chemisorption, depending on 
the surface temperature. The value of the sticking probability is dependent on 
surface temperature, adsorbate coverage and the extent of excitation of 
internal degrees of freedom of the incident particle.  
As illustrated in Figure 2.15, sticking probability molecular beam uptake 
experiments for reactive species were carried out by the well-established 
beam reflectivity technique58. At the beginning of the experiment the base 
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pressure is at a minimum prior to the introduction of any gases. At 𝑡 = 𝑡0 the 
shutter to the chamber is opened and the particles are incident on the flag 
which is positioned between the shutter and the crystal, resulting in the 
reflection of all particles. At 𝑡 = 𝑡1 the flag is removed and there is an 
immediate drop in partial pressure due to the uptake/sticking of the particles 
incident on the crystal surface. After a period of time the pressure begins to 
rise again due to filling of vacant adsorption sites. After closing the shutter 
the pressure goes back up to 𝑃0. When the beam is blocked there is a slow 
drop in the pressure as any gases introduced into the chamber are pumped 
away. 
The sticking probability can be calculated at any time during the uptake 
period using the formula; 
 
𝑆𝑡 =
𝑃0 − 𝑃𝑡
𝑃0
                                                          (2.33) 
 
Where; 𝑃0 = Base chamber pressure – Partial pressure (from molecular 
beam introduction) and 𝑃𝑡 = Base chamber pressure – Partial pressure 
(during uptake)   
 
 
Fig. 2.15. A representation of the King and Wells method for measuring the sticking 
probability based on an uptake with sticking probability (0 < S < 1). 
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In Langmuir adsorption the uptake is proportional to the number of vacant 
sites, 𝑆 ∝ (1 − 𝜃). However, very rarely does the sticking probability 𝑆 
behave according to this Langmuir associative adsorption model where it is 
assumed that 𝑆 is directly proportional to the fraction of vacant sites. More 
often than not it is not as simple as this, as 𝑆 can drop off significantly at the 
start of the uptake. In other cases 𝑆 behaves monotonically where the 
adsorbate forms cluster multilayers or even increases at the start of the 
uptake process only to drop off significantly as the coverage approaches a 
monolayer. In the latter case the molecules are physisorbed into an extrinsic 
precursor state where the rates of migration and desorption above occupied 
sites are significantly different to those rates associated with unoccupied 
sites54,59. 
 
 
2.7 Physical Vapour Deposition PVD 
One of the most common ways to form surface metal alloys is by vapour 
deposition. This is carried out by the thermal evaporation (sublimation) of the 
source metal by resistive heating where the vacuum allows the vapour 
particles to travel directly to the substrate where they condense and form the 
surface alloy. Under UHV conditions the mean free path is extremely long, 
therefore during sublimation the atomic metal is able to travel directly to the 
substrate without colliding with the background gases.  
Resistive sublimation was achieved by attachment of the source materials; 
for this research gold to a filament made from a refractory metal. During the 
sublimation process the filament is heated by passing a large enough current 
to deposit the source metal.  
The sublimated source metal is condensed on the substrate and the 
sublimation time varied according to the coverage required. Deposition was 
followed by annealing of the substrate to obtain a uniform layer and 
subsequently assessed by LEED. Tungsten wire was used as the refractory 
metal due it having a vapour pressure of zero at the sublimation 
temperatures of gold. 
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3 Oxidation of CO on Pd(111) and Au/Pd(111) 
3.1 Introduction 
Bimetallic surface chemistry plays a crucial role in a number of 
technologically important areas, including heterogeneous catalysis, 
microelectronics fabrication, electrochemistry, and corrosion. With the advent 
of UHV surface analytical techniques and the development of efficient 
methods for surface preparation, it has been possible for the last 45 years to 
prepare well-defined bimetallic surfaces. One of the main goals of studying 
bimetallic surfaces is to better understand the unique function of mixed-metal 
alloys in heterogeneous catalysis. The ability to prepare well-defined 
bimetallic surfaces presents us with the opportunity to not only correlate the 
chemical reactivity of the surface with that of the bimetallic mix, but to also 
tailor the bimetallic to possess desirable reactive properties39.  
 
Among bimetallic catalysts, the Au/Pd surface alloy system has received 
significant attention due to its enhanced activity in a number of reactions. 
Whilst Au/Pd bimetallic alloys have been found to provide both active and 
selective catalysts for a number of reactions, including CO oxidation, no 
catalytic measurements have been carried out on the Au/Pd(111) system, 
only on Au/Pd(100). Hence the aim of the research in this chapter is to 
produce a bimetallic Au/Pd(111) alloy with a view to enhance the activity of 
CO oxidation with CO pre-dosed on the surface.  
  
Before proceeding it is important that we define the terms alloy, 
multi-metallic and bimetallic, as these terms have a tendency to be used 
incorrectly or interchangeably. Irrespective of intimacy or precise manner of 
mixing, an alloy is most conveniently defined as a metallic system containing 
two or more components. When an alloy contains two metallic components it 
is often referred to as either a bimetallic or multi-metallic. For clarification, 
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with regards to our research we shall employ the term bimetallic when the 
two elements are segregated and only use the term alloy when they are 
intimately mixed. 
Surface composition and local order at the surface are both key properties 
for all heterogeneous catalytic applications. As a result, a detailed knowledge 
of the atomic surface compositions and lateral distribution of Au on the 
Pd(111) crystal surface is necessary to obtain any real fundamental 
understanding of the effects, if any, on any enhanced catalytic reactions. The 
following sections detail the characterisation of the Au/Pd surface alloy and 
whether or not it is possible for the Au to form an ordered structure on the 
Pd(111) surface. 
 
 
3.1.1 Au Film deposition and structure on Pd(111)  
Baddeley et al.60 used LEED and Auger Electron Spectroscopy (AES) to 
characterise a Au/Pd surface alloy whilst investigating ensemble effects in 
the coupling of acetylene to benzene on a bimetallic Au/Pd(111) surface. 
Calaza et al.61 also used similar techniques in their research to study the 
adsorption of ethylene on Au/Pd(111) alloy surfaces. Their research showed 
that progressive annealing of Au overlayers, pre-dosed by vapour deposition 
on Pd(111) at RT, led to the formation of a series of random surface alloys 
with continuously varying composition. They found that the most efficient 
catalyst corresponds to a surface composition of 85 % Pd and 15 % Au. They 
also found it difficult to obtain ordered surface alloys, instead a range of 
disordered Au/Pd solid solutions were produced throughout.  
Based on their results the Au coverages were estimated from AES and 
LEED, where Figure 3.1 shows the variation in Au (69 eV) and Pd (330 eV) 
peak intensities as a function of the sample annealing temperature, for an 
approximate 4 monolayer (ML) Au film. It is clear that the Au overlayers begin 
to intermix with the Pd substrate at about 600 K, with the alloy forming at ca. 
800 K. This was evident by the sharp rise in the Pd AES signal, concomitant 
with a precipitous drop in the Au signal at 600 K, indicating the intermixing of 
the surface Au with the Pd substrate. At 700 K both signals balance out with 
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the surface alloy forming above at 800 K. Above 1050 K the Au signal drops 
off completely, simultaneously with the Pd signal levelling off, indicating 
diffusion of the Au into the bulk Pd. Similarly there is a decrease in the lattice 
parameter in line with that of the pure Pd surface with increasing annealing 
temperature, levelling off above 1050 K. 
 
 
 
Fig. 3.1. (A) Au 69 eV and Pd 330 eV AES peak intensities for 4.5 ML Au on Pd(111) as a 
function of annealing temperature. (B) Variation in measured lattice parameter (from LEED 
data) as a function of annealing temperature for a 4 ML Au film on Pd(111). Reproduced 
(Adapted) from Baddeley et al. Ensemble effects in the coupling of acetylene to benzene on 
a bimetallic surface: A study with Pd(111)/Au. J. Phys. Chem. 100, 2189–2194 (1996). 
Copyright 2015 American Chemical Society."  
 
 
Similar results were also obtained by Li et al.62 when researching the 
formation and characterization of Au/Pd surface alloys on Pd(111). Using 
X-ray Photoelectron Spectroscopy (XPS) to determine the Au/Pd alloy, they 
found that Au grew in a layer-by-layer fashion on the Pd(111) surface at 300 
K, and started to diffuse into the bulk after annealing to above ca. 600 K, 
resulting in a decrease in the Au signal intensity and a simultaneous increase 
in the Pd signal intensity with increasing temperature. As shown in Figure 
3.2, it is clear that the Au film starts to intermix with the Pd substrate at ca. 
500 K. Extensive intermixing of Au and Pd is found at temperatures above 
700 K, with Au moving into the bulk of the metal, whilst annealing the sample 
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to 1110 K, resulted in almost no Au being detected. After assessing the 
LEED data Li et al. found the lattice spacing of the alloy varied linearly with 
alloy composition, yet they were unable to establish an ordered pattern 
between the Au and Pd surface atoms. Hence it was concluded that the Au 
and Pd atoms were likely randomly distributed on the surface. 
 
 
Fig. 3.2. (a) and (b) display the Au 4f and Pd 3d XPS regions as a function of annealing 
temperature following the deposition of 7 monolayers of Au on a Pd(111) surface at 300 K. 
Graph (c) plots the Au 4f7/2 and Pd 3d3/2 signals intensities and graph (d) their binding 
energies as a function of annealing temperature. "Reprinted from Surf. Sci. 601, (2007), Li, 
Z. et al.  Formation and characterization of Au/Pd surface alloys on Pd(111), 1898–1908, 
Copyright (2015), with permission from Elsevier 
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3.1.2 Thermodynamic enthalpy of mixing (Gibbs free energy) and the 
atomic radii  
Several factors determine the formation of a well-defined bimetallic surface, 
namely the size and sign of the mixing enthalpy change (Gibbs free energy), 
whereas the particle size in terms of the atomic radii influences the enthalpy 
of mixing. A reaction that is spontaneous either gives off energy in the form of 
heat and therefore has a negative enthalpy (∆𝐻 < 0), or there is an increase 
in the disorder of the system leading to an increase in the entropy (∆𝑆 > 0). 
The Gibbs free energy (𝐺) of the system is defined as the enthalpy of the 
system minus the product of the temperature times the entropy of the system 
(Equation 3.1). 
 
∆𝐺 = ∆𝐻 − 𝑇. ∆𝑆                                                           (3.1) 
 
Where: ∆𝐺 = Gibbs free energy change, ∆𝐻 = change in enthalpy, 𝑇 = 
(absolute) temperature and ∆𝑆 = change in entropy.  
 
When alloying (mixing) two or more metals the Gibbs free energy or 
enthalpy change determines whether mixing at constant temperature T (and 
pressure P) is a spontaneous process. The mixing of an ideal system has 
zero enthalpy of mixing meaning that the Gibbs free energy is always 
negative, hence mixing of ideal solutions are always spontaneous. However, 
the mixing of a Au/Pd system has been found to have a small negative 
enthalpy, which means the system tends to form spontaneous solid solutions 
which behave almost ideally or as regular solutions. Conversely, when the 
enthalpy is large and negative for metal alloying, the system tends to favour 
the formation of inter-metallic compounds or ordered solutions. In contrast, 
when the enthalpy is large and positive only surface bimetallic clusters are 
formed. 
In addition the Au/Pd system has also proved to be ideal for fundamental 
studies due to the fact that the lattice mismatch with regards to each element 
separately is only 4.86 %, based on the atomic radii of 1.37 and 1.44 Å for Pd 
and Au respectively62,63.  
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3.1.3 Catalytic activity, charge transfer and density of states (DOS) 
For the late transition metals such as Pd and Au both their catalytic and 
chemisorption properties are determined by the valence d electrons, as 
opposed to the s and p electrons. The position of the Fermi level (Ef) is 
dependent upon the valence electronic configuration of the respective 
metals. For Pd the electronic configuration is such that Ef lies within the 
partially filled d band, whereas for Au, the d band is complete filled and the Ef 
lies within the sp band. The high catalytic activity of Pd is associated with the 
high density of electrons at the Ef, whereas Au has a much lower relative 
catalytic activity due to its lower density of electrons as illustrated in Figures 
3.3 and 3.441,64,65.  
 
 
Fig 3.3. High density electronic state at the Fermi level Ef for Pd which has a partially filled 
(or open) d-band. 
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Fig 3.4. Low density electronic state at the Fermi level Ef which lies in the sp band for Au and 
has a filled d-band. 
 
 
 
 
In theory alloying Au with Pd will result in a transfer of electrons from the 
Au to the Pd due to the fact the electrons associated with the Au are at a 
higher Fermi energy level than the electrons associated the Pd. This might 
result in a decrease in the reactivity of the bimetallic Au/Pd surface in 
comparison with the pure Pd(111) surface. This change is directly associated 
with the surface electronic structure, manifested as a shifting of the d-band 
centre away from the Ef, which in turn leads to a weaker interaction between 
the adsorbates and the surface66. This transfer will also decrease the 
repulsion of the electrons within the 4d band of Pd, resulting in a shift of the 
Fermi level within the Pd with an overall lower DOS54. In addition, one would 
expect re-hybridisation of one or both of the metals67. According to Lee et 
al.65 and later Sárkány et al.68, Pd has been found in certain cases to adopt 
the lattice constant of Au during alloying which also causes a rise in Ef within 
the Pd d band. This enhances the atomic-like character of the Pd atoms with 
a corresponding weakening towards the reactants i.e. CO or O. 
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The high catalytic activity of Pd is directly associated with its higher DOS 
when compared to the lower catalytic activity of Au which has a much lower 
DOS. Now one may assume based on these facts that alloying with Au will 
inevitably result in a reduction of catalytic activity. This is not necessarily the 
case for Au/Pd bimetallics, where enhanced catalytic activity is often found 
due to both ensemble and ligand effects. It may also be tempting to 
speculate that alloying two metals that are active for a given reaction may 
augment with enhanced reactivity. Unfortunately, bimetallics of this nature 
have been found to only exhibit the maximum activity of the individual 
metal69. 
 
 
3.1.4 Ensemble and ligand effects 
Ensemble effects are associated with the dilution of surface atoms, in this 
case the dilution of Pd(111) surface atoms by Au atoms. For certain reactions 
this gives rise to an enhanced catalytic reaction rate due to the formation of 
isolated highly reactive surface sites, in addition to the switching off of 
undesirable side reactions. Ligand effects on the other hand are associated 
with the change in the electronic structure i.e. the change in the DOS of the 
valence electrons of Pd(111) surface atoms by incorporating Au atoms and 
vice versa. However, predicting the direction of the ligand effect is extremely 
difficult without experimental data.   
Numerous studies have shown that it is not possible to alter ensemble 
effects through alloying without also altering the ligands around the 
adsorption sites66,69. Hence, making a clear distinction as to whether these 
effects are primarily associated with ensemble effects, or a combination of 
both, is difficult.  
 
Enhanced activity for the oxidation of CO on Au-Pd bimetallic surfaces has 
been found by Gao et. al1–3, for Pd-Au nanoparticles grown on a thin TiO2 
layer deposited on both Mo(110) and AuPd(100). Their investigation showed 
that alloying Pd with Au formed isolated Pd sites that were incapable of 
dissociating O2, a pre-requisite for CO oxidation. Only at elevated CO 
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pressures did the surface become active due to chemisorption induced 
segregation. In this case, the Pd segregated to the surface due to it having a 
much higher CO binding site energy of 84 kJmol-1 as opposed to only 
69 kJmol-1 on Au41. For the pure single crystal surfaces, these values are 
much different, 150 kJmol-1 on Pd and 40 – 50 kJmol-1 on Au. Only under 
stoichiometric conditions (1
2
𝑂2  + 𝐶𝑂 → 𝐶𝑂2) did the Au-Pd alloy show a 
degree of superior activity due to the weakening of the CO-substrate 
interaction, caused by ligand effects.  
Under O2 rich conditions the activity was much superior on the clean 
Pd(111) surface due to facile dissociation of the O2 molecules. An earlier 
theoretical study conducted by Liu and Norskov used DFT to assess the 
interaction of CO, O2 and N2 on the Au/Pd(111) bimetallic surface. They 
found a linear relationship between the binding energy of CO and both 
atomic O & N weakening with an increase in Au coverage. In addition, their 
study showed the main weakening in binding energy was mostly attributed to 
ensemble effects. This weakening of the CO binding energy should prove 
significant in terms of increasing oxidation on the CO pre-dosed surface. 
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3.2 Experimental 
A single Pd(111) crystal with surface area 80 mm2, cut and polished with an 
accuracy to ~ 0.1° of the crystallographic plane was used throughout this 
study. All experiments were performed in an UHV chamber, operated at base 
pressures < 10-10 mbar as detailed in Chapter 2. The polished Pd(111) 
crystal was cleaned by prolonged Ar+ ion sputtering cycles of 15-20 minutes 
at a drain current of 2 - 5μA (500 eV) at room temperature. This was 
performed prior to each experiment to remove surface contaminants such as 
carbon, oxygen and sulphur. This was followed by post-irradiation flash 
annealing to 1023 K to remove any lattice defects produced from the 
impinging ions and to remove any shallow implanted argon. The surface 
ordering was then assessed by LEED to obtain a sharp (1 x 1) pattern.  
All Temperature-Programmed Desorption (TPD) and uptake experiments 
were measured by a VG Smart IQ+ Thermo QMS. A heating rate (dT/dt) of 
2.4 Ks-1 was used throughout for the TPD measurements. Oxygen (99.5 % 
high purity supplied by BOC, CAS No: 7782-44-7), carbon monoxide (99.0 % 
CO, supplied by Aldrich, CAS 680-08-0) and water (deionised Milli-Q) were 
all dosed by means of a molecular beam.  
Sublimation was achieved as detailed in Chapter 2 by attachment of Au 
wire (0.25 mm) to a Tungsten wire filament. During sublimation, the filament 
was heated by passing a current of ~ 4.0 A through the filament to evaporate 
the Au. Deposition was then followed by flash annealing of the substrate to 
various temperatures according to methods of Baddeley et al.60, Calaza et 
al.61 and Li et al.62, to order up the Au layer, which would otherwise remain in 
a quasi-random lattice arrangement39. After annealing, the substrate was 
saturated with ca. a monolayer of H2O, followed by a post deposition TPD in 
order to characterize the Au/Pd surface alloy. This was done in order to 
determine the exact temperature the deposited Au started to diffuse into the 
Pd(111) substrate, and, therefore, the exact temperature required to form the 
alloy. Due to the relative inertness of Au and hence its resistance to 
wetting70, H2O was also dosed on the surface to estimate the relative Au 
coverage prior to formation of the alloy. This was done by equating the 
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fraction of the peak with a corresponding multilayer binding energy during 
TPD to the amount of Au on the surface.  
 The activation energy for H2O desorption 𝐸𝑑 was estimated using the 
following equation 3.1, as shown in the Results and Discussion 3.1.1, Figure 
3.7; 
 
𝐸𝑑 = 𝑅. 𝑇𝑝 [𝐼𝑛 (
𝐴. 𝑇𝑝
𝛽
) − 3.46]                                                 (3.1) 
 
where 𝑅 = the universal gas constant (8.314 Jmol-1K-1), 𝑇𝑝 = desorption 
peak max, 𝐴 = pre-exponential factor (assumed 1013 s-1) and 𝛽= heating rate 
(dT/dt) = 2.4 Ks-1. 
 
The value of the pre-exponential factor 𝐴 specifically relates to 
temperature dependent molecular collisions. In addition, it is an indication of 
the floppiness of the adsorbate H2O molecules and provides a correction 
through the conventional transition state theory. As a result a value of 1013 s-1 
can only be assumed based on the fact that no dynamic corrections through 
the conventional transition state theory occur. That is, the H2O adsorbate 
molecules are not interacting on the surface with no change in the vibrational, 
rotational and translational degrees of freedom. Values for pre-exponential 
factor 𝐴 can actually range from 1011 - 1019 s-1, however, for these 
experiments the 𝐸𝑑 for H2O is used purely to assess the gold coverage. As a 
result we can assume a value of 1013 s-1 which is a common value for simple 
non-dissociative first order desorption. To be concise we are assuming a 
simple molecular first order desorption from the substrate surface to the 
gaseous phase, neglecting any coverage dependence and kinetic 
parameters15,9,71–73. 
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3.3 Results and Discussion 
3.3.1 Formation & Characterisation of the Au/Pd(111)-alloy by 
deposition of Au on the Pd(111) surface.  
This section gives a brief outline of the methods used in order to characterise 
and form the Au/Pd(111) alloy. Although it might have been more accurate to 
use AES or XPS to estimate the exact Au coverage, these techniques were 
not available for us to use. We were able to make use of the QMS alongside 
the molecular beam doser to obtain an estimate of the Au coverage. As this 
research is centred on enhancing the catalytic oxidation of CO, an exact 
coverage of Au was not of paramount importance. 
Figure 3.5 shows the TPD of 1 ML H2O desorbing from the clean Pd(111) 
surface calculated by a timed uptake. The timed uptake was calculated by 
repeated uptakes followed by TPDs up to the point the monolayer transferred 
to produce an additional multilayer peak with lower binding energy. Figure 
3.6 shows the TPD of a 1 ML of H2O from the surface after vapour deposition 
of a single monolayer of Au annealed to various temperatures. As shown in 
Figure 3.7, the amount of Au deposited was estimated by dosing a single 
monolayer of H2O onto the Au/Pd(111) surface after a flash anneal to 500 K. 
A flash anneal was required to order up the Au on the Pd(111) surface prior 
to formation of the alloy. The grey area corresponds to the peak associated 
with adsorption on Au, which in this case corresponds to 0.67 ML of Au. As 
stated, with the Au being inert to the H2O the peak has shifted to a binding 
energy similar to that of a multilayer peak desorbing from Pd(111). 
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Fig 3.5. TPD of H2O from clean Pd(111) (dT/dt) of 2.4 Ks
-1
. The activation energy for H2O 
desorption = 0.45 eV (43 kJmol
-1
) 
  
 
 
Fig 3.6. TPD of H2O from the Au/Pd(111)-Alloy surface (dT/dt) of 2.4 Ks
-1
 following 1 ML 
vapour deposition of Au (black) and subsequently annealed to 500 K (red), 600 K (green), 
700 K (blue) and 800 K (purple). Alloying occurring at 700 K (blue), with a H2O activation 
energy of desorption = 0.442 eV ( 42.6 kJmol
-1
), with the Au defusing into the bulk Pd at 
800 K (Purple), with a slightly higher H2O activation energy of desorption = 0.443 eV 
(42.83 kJmol
-1
). 
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Fig 3.7. The coverage estimation of Au/Pd(111) based on TPD of a single monolayer of H2O 
from the Au/Pd(111)-bimetallic surface (dT/dt) of 2.4 Ks
-1
 vapour dosed with Au and 
subsequently annealed to 500 K. The shaded (Grey) area corresponds to H2O desorbing 
from the Au covered part of the Pd(111) crystal with an activation energy of desorption = 
0.42 eV (40.54 kJmol
-1
) with H2O desorbing from the uncovered Pd(111) with an activation 
energy of desorption = 0.45 eV (43.44 kJmol
-1
)   
 
 
In order to investigate the diffusion of Au into the Pd(111) substrate and 
the resulting formation of the Au/Pd(111) alloy, a single monolayer of Au was 
first deposited on the clean Pd(111) at 90 K. A single monolayer of H2O was 
then dosed on the surface at 90 K, followed by a TPD resulting in the black 
peak seen in Figure 3.6. The crystal was then flash annealed to 500 K, and 
then allowed to cool back to 90 K. This was followed by a single monolayer 
dose of H2O and a TPD as shown by the red peak. Repeat anneal cycles 
were carried out increasing the temperature by 50 K each time followed by a 
H2O monolayer uptake and TPD after each cycle. For the sole purpose of 
clarification only the temperatures from 500 to 800 K are plotted in Figure 3.6 
omitting the 50 K increments in between. It is clear that Au begins to intermix 
with the Pd(111) surface at 600 K (green peak) finally forming the Au/Pd(111) 
alloy at 700 K (blue peak). At 800 K, the Au appears to diffuse into the bulk 
Pd at which point the TPD of the H2O has an activation energy of desorption, 
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0.443 eV (42.8 kJmol-1) very close to that of the uncovered Pd(111), surface 
0.45 eV (43.4 kJmol-1). 
 
 
3.3.2 LEED of Au/Pd(111)-alloy  
LEED patterns were taken throughout the characterisation process of the 
Au/Pd(111)-alloy in order to access the growth and lateral adatom-adatom 
arrangement of Au on the Pd(111) substrate. Alloying of metals that have the 
same bulk structures as the parent substrate and a similar lattice parameter 
usually results in 2D pseudomorphic growth of the admetal39. Here the 
adatoms tend to assume the same position as the atoms in the next layer of 
the substrate. This was evident during the characterisation of the Au/Pd alloy 
by the observation of a sharp 𝑝(1 × 1) LEED pattern as shown in Figure 3.8. 
Similar LEED observations were found by Paffett et al.74,75 whilst researching 
surface chemical properties of Ag/Pt(111) and the adsorption of Cu on 
Pt(111). It has been documented that alloy metals with a lattice 
mismatch ≤ 9 % will display this kind of 2D pseudomorphic growth39. Just to 
reiterate the lattice mismatch between Au and Pd is 4.86 %; likewise in the 
research conducted by Paffett et al. the lattice mismatch was 3.47 % for 
Ag/Pt and 7.91 % Cu/Pt. 
It is clearly visible that the LEED image of the AuPd(111) is much sharper 
and brighter than that of the clean Pd(111). This is possibly due to an 
improvement in the surface crystallinity concomitant with a decrease in the 
surface roughness at the atomic scale. The enhancement in sharpness is 
typically related to an increased surface area of well-ordered domains, 
whereas the increased intensity in brightness is directly associated with the 
number of well-ordered domains. An increase in the number of well-ordered 
domains would effectively produce significantly greater coherent interference. 
It is therefore possible that all of the aforementioned effects are a 
combination of the surface alloy forming along with the annealing of the 
crystal to 700 K. 
The majority of research and characterisation of the Au/Pd(111)-alloy has 
been performed using XPS, LEED and AES60–62, with very little STM results 
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obtained. With this, researchers have yet to establish anything other than a 
random distribution for the Au when alloyed with the Pd(111) substrate. With 
our LEED observations, we have not been able to find anything suggesting 
any ordered structure of the Au on Pd(111) either, and therefore we can only 
assume a quasi-random alloy structure is most likely. 
 
 
 
Fig 3.8. LEED images of (a) clean Pd(111), and (b) AuPd(111)-alloy annealed to 700 K, both 
taken at 88.9 eV. Patterns appear very similar due to pseudomorphic heteroepitaxial growth 
where the inter-atomic spacing is the same. 
 
 
 
3.3.3 Adsorption of CO and atomic oxygen on the Pd(111) surface 
This section details the adsorption of CO and atomic O on the Pd(111) done 
before investigating any catalysis reactions. CO usually adsorbs carbon 
end down, at either the atop, bridge or three-fold bridge configurations on 
pure (111) metal surfaces. It is also possible for the CO molecule to adsorb 
flat, dissociating to produce C(ads) + O(ads), however this is only likely to occur 
on the early transition metals and less frequently on the later ones, including 
Pd and Au. Whilst the traditional adsorption model for CO introduced 50 
years ago by Blyholder76 serves well as a theoretical pedagogy, previous 
studies of the CO/Pd(111) system by Kuhn et al.77 have shown that there are 
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multiple adsorption sites for CO depending on the coverage and adsorption 
conditions, as confirmed in our study conducted at 150 K.  
 
 
Fig 3.9. LEED images for (a) clean Pd(111) at 88.9 eV, with schematic representation for the 
Pd(111) reflection shown below, (b) (√3 × √3)R30°-1CO structure at 88.9 eV for a 0.33 ML 
coverage of CO, with schematic representation for the (√3 × √3)R30° reflection shown 
below  and (c) (2 × 2)-3CO structure at 75.9 eV for a 0.75 ML coverage of CO, with 
schematic representations for both the p(2 × 2) reflection along with the incommensurate  
reflections for the atop and three-fold hollow sites. These are both shown as the complex 
(2 × 2)-3CO is associated with both of these LEED patters. 1CO indicates a single CO 
molecule in the unit cell for the (√3 × √3)R30°-1CO structure and the 3CO indicating three 
CO molecules in the unit cell for the (2 × 2)-3CO structure. Pd(111) crystal surface (blue 
substrate atoms) with CO molecules (grey-Carbon & red-Oxygen). 
 
 
Chapter 3 
61 
 
  
 
Fig 3.10. TPD of CO from clean Pd(111) at a heating rate (dT/dt) of 2.4 Ks
-1
, a) 0.33 ML 
coverage of CO (√3 × √3)R30°-1CO structure b) saturated 0.75 ML coverage of CO 
(2 × 2)-3CO structure 
 
 
It was found that at a coverage ≤ 0.33 ML the CO molecules preferred to 
bind to the three-fold hollow site, giving rise to the (√3 × √3)R30°-1CO 
structure as shown in the LEED patterns (Figure 3.9 b). When increased to a 
saturated coverage of 0.75 ML, the molecules were found to occupy both the 
three-fold hollow and atop sites producing a (2 × 2)-3CO structure as shown 
in the LEED patterns (Figure 3.9 c). For the (√3 × √3)R30°-1CO structure 
the 1CO signifies a single CO molecule in the unit cell as shown, whereas for 
the (2 × 2)-3CO structure there are three CO molecules in the unit cell. 
At 0.33 ML coverage of CO only a single peak in the TPD is observed at 
481 K (Figure 3.10 a), with a desorption activation energy 1.32 eV 
(127.1 kJmol-1). At the higher coverage of 0.75 ML two combined peaks are 
observed (Figure 3.10 b) which we attributed to the two different adsorption 
sites (atop and three-fold configuration). The lowest peak at 320 K 
corresponds to the atop configuration, having a desorption activation energy 
0.9 eV (83 kJmol-1), and the highest peak at 451 K corresponding to the 
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three-fold hollow configuration with a desorption activation energy 
1.2 eV (119 kJmol-1). These values were in agreement with those previously 
observed by Kuhn et al.77.  
For an ideal first-order TPD, the activation energy for desorption Ed should 
remain consistent regardless of coverage. This was not the case on 
observation of the TPD peaks in Figure 3.10. At saturation CO coverage of 
0.75 ML, the TPD peak appears much broader with an earlier onset and an 
Ed value 0.12 eV lower, in comparison to the TPD at the lower coverage of 
0.33 ML. This we attribute to the strong repulsive lateral interactions between 
the CO molecules in the compressed (2 × 2)-3CO structure, where the 
molecules are much closer, occupying both the atop and three-fold hollow 
sites.  Conversely, in the (√3 × √3)R30°-1CO configuration, there is less 
molecular-molecular interaction due to the larger separation between the CO 
molecules. Whilst both the (√3 × √3)R30°-1CO and (2 × 2)-3CO structures 
were observed in STM studies conducted by Sautet et al.78 and later Rose et 
al.79, other complex structures were also proposed at intermediate CO 
coverages. At the intermediate coverage of 0.5 ML they proposed two 
geometric 𝑐(4 × 2) structures; one where the CO molecules occupy both the 
fcc and hcp three-fold hollow sites and the second where they only occupy 
the bridge sites. We did not however, observe any of these overlayer 
structures as our research was mainly focused on low and saturated 
coverages as opposed to those at the intermediate levels. 
 
 
Fig 3.11. LEED images for (a) clean Pd(111) at 89 eV and (b) Pd(111)-(2 × 2)-O at 91.1 eV 
dosed at 300 K. 
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It has been well documented that oxygen adsorbs molecularly on the 
Pd(111) surface at or below 110 K. Only above 210 K will it dissociate to form 
a saturated 0.25 ML coverage giving rise to a strong (2 × 2) LEED pattern 
after annealing80,81. Similarly, we observed dissociative absorption at 300 K 
with a weak (2 × 2) LEED pattern as shown in Figure 3.11. The diffuse 
pattern was a result of the crystal not been annealed to order up the atomic 
O on the Pd(111) surface.  
Whilst one could have expected the Au adatoms to exhibit a much higher 
density of state (DOS) when alloyed with Pd, the Au remained inert to 
oxidation at 300 K regardless of the coverage. This is similar to what would 
be expected on the pure Au crystal surface where the dissociation barrier is 
too high for any oxidation to occur at these temperatures82–84. 
 
 
3.3.4 CO Adsorption on Pd(111) and Au/Pd(111) with 0.2 ML Au alloyed 
to 700 K  
This section details the adsorption of CO at a partial coverage of 0.33 ML on 
both the 0.2 ML Au covered Au/Pd(111)-alloy (alloyed to 700 K) and the 
Pd(111) surface. This was carried out specifically to see the effect Au had on 
the binding energy of the CO molecules as shown in Figure 3.12. As stated, 
the majority of research done shows that Au when alloyed on the Pd(111) 
does not have an ordered arrangement60–62, and we did not observe anything 
in our LEED patterns (Figure 3.8) to suggest that the Au alloyed on the 
Pd(111) surface had anything other than a random arrangement. As a result, 
we present a possible quasi-random alloy structure in Figure 3.13 with a 
partial coverage of CO bound to all the possible 3-fold hollow sites to 
compliment the TPD results. When alloyed the Au adatoms remained 
coplanar with the surface Pd(111) atoms.  
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Fig 3.12. TPD of 0.33 ML coverage of CO from the clean Pd(111) (solid line plot) and the 
0.20 ML Au/Pd(111)-alloyed surface (dash line plot) at heating rate (dT/dt) of 2.4 Ks
-1
. The 
TPD shows that the CO molecules have the lowest binding energy bound to 3 Au atoms 
increasing in binding energy up to a maximum binding energy for the uncovered Pd(111) 
surface. 
  
 
 
Fig 3.13. Surface structure of Au (yellow atom) alloyed on the Pd(111) crystal surface (blue 
substrate atoms) with CO molecules (grey-Carbon & red-Oxygen) bound to the 3-fold hollow 
sites. Position (1), shows CO bound to 3-fold hollow site of 3 Au alloyed atoms; position (2), 
shows CO bound to 3-fold hollow site of 2 Au alloyed atoms and 1 Pd surface atom; position 
(3), shows CO bound to 3-fold hollow site of 1 Au alloyed atom and 2 Pd surface atoms and 
position (4), shows CO bound to 3-fold hollow site of 3 Pd surface atoms. 
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Based on the LEED patterns and previous work77,85, it was found at 
coverage ≤ 0.33 ML that the CO molecules preferred to bind at the three-fold 
hollow site, giving rise to the (√3 × √3)R30°-1CO structure. Now assuming 
the CO was to bind to all three-fold hollow sites including those sites specific 
to Au (positions 1, 2, & 3 Figure 3.13); Au has a filled d band which means it 
will form much weaker chemical bonds relative to the pure Pd (position 4, 
Figure 3.13) which has open d bands. Based on the assumption that the 
Au/Pd(111)-alloy does form these ensembles as shown in Figure 3.13, the 
ensembles of a quasi-random alloy structure at this coverage will have small 
sections of maximum clustering on the Pd(111) crystal as shown at position 
1. Here a small portion of the CO molecules desorbing will have a much 
lower desorption activation energy compared to that of the peak value 1.3 eV 
(127 kJmol-1) for the clean Pd(111) substrate, calculated from Figure 3.11 
(solid line plot). Piccolo et al.86 reported a desorption activation energy 
of 0.3 eV  (29 kJmol-1) for CO desorbing from the Au(111). This weakening is 
evident by the shape of the CO desorption plot for the Au/Pd(111)-alloy 
Figure 3.12 (dash line plot). A large portion of the peak is shifted to lower 
temperatures, indicating a weakening of the CO with the alloy. We tentatively 
associate the lower part of the desorption plot to that of the three-fold Au 
ensemble, also taking into account as stated that the Au atoms will be 
electronically modified due to bond formation with the surrounding Pd atoms. 
At this low coverage of Au (0.2 ML), the majority of the surface consists of 
the Pd substrate atoms with some ensembles of 2Au:1Pd at position 2 
reducing to 1Au:2Pd at position 3. These ensembles at positions 2 and 3 
should exhibit intermediate binding energies again electronically modified, 
between that for the three-fold Au up to 1.3 eV (127 kJmol-1) for the pure 
Pd(111) substrate atoms.  
In addition to ensemble effects there are likely to be ligand effects where 
the Pd surface atoms at position 4 gains d electrons from the two Au atoms 
at position 1 and 2. This is likely to produce a shift in the d band centre away 
from the Ef with a resultant weakening of the binding energy of the CO 
molecule66. Recent theoretical calculations demonstrate that the d band for 
Pd monomers surrounded by Au has a lower DOS than that of the Pd 
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monolayer in bulk Pd87. This would possibly account for the lowering of the 
maximum binding energy associated with the Au/Pd(111) TPD data in 
comparison to the maximum binding energy associated with the clean 
Pd(111) TPD data.  
 
3.3.5 Catalytic oxidation reactions 
3.3.5.1 On clean Pd(111) 
Although knowledge of the overall kinetics of CO oxidation on Pd(111) and 
the exact nature of the surface intermediates is still lacking, the fundamental 
Langmuir-Hinshelwood type mechanism for CO oxidation on the Pd(111) 
surface is expected to proceed according the following reaction 3.1 – 3.4;  
 
𝐶𝑂(𝑔)  ⇌   𝐶𝑂(𝑎𝑑𝑠)                                                                       (3.1) 
 
𝑂2(𝑔)  ⇌  2𝑂(𝑎𝑑𝑠)                                                                       (3.2) 
 
𝐶𝑂(𝑎𝑑𝑠) +  𝑂(𝑎𝑑𝑠) →  𝐶𝑂2(𝑎𝑑𝑠)                                                            (3.3) 
 
𝐶𝑂2(𝑎𝑑𝑠)  ⇌   𝐶𝑂2(𝑔)                                                                   (3.4) 
 
The rate at which CO oxidation takes place on the clean Pd(111) surface 
was found to be dependent on temperature, the pre-coverage of both CO 
and atomic O and the order in which they were dosed. When dosed above 
210 K O2 will dissociate on the clean Pd(111) surface, saturating at a 
coverage of 0.25 ML with formation of a (2 × 2) structure. CO molecules 
dosed onto this (2 × 2)-O surface will readily adsorb, forming mixed domains 
and resulting in relatively facile oxidation, as shown in Figure 3.14 A. 
Immediately after the CO beam enters the chamber there is an initial CO2 
spike (at t =24 s). This is probably due to CO reacting with atomic O on 
surrounding areas including the flag. In addition to the CO and atomic O 
being in close contact within the mixed domains, the pre-adsorbed O atoms 
are electronegative and will withdraw charge from the Pd surface atoms. This 
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will also withdraw charge from the neighbouring Pd-CO bonds, weakening 
the binding energy of CO and hence creating a highly reactive environment 
for the production of CO2. 
 
Fig 3.14. The comparative rates of CO2 being produced from both CO and atomic O 
pre-covered Pd(111) surfaces at 300 K. Plot (A) corresponds to CO being dosed onto the 
atomic O (0.2 ML) pre-covered surface with plot (B) corresponding to O2 being dosed onto 
the CO (0.20 ML) pre-covered surface. There is an initial CO2 spike (at t =24 s) immediately 
after the CO beam enters the chamber; possibly due to CO reacting with atomic O on 
surrounding areas including the flag. 
 
 
In contrast, when CO was adsorbed on the Pd(111) surface first, followed 
by O2 deposition no oxidation took place. At the saturation coverage of 
0.75 ML, the CO molecules were found to occupy both the three-fold hollow 
and a-top sites. This gave rise to steric hindrance due to the excessive CO 
coverage and also a lack of neighbouring Pd surface atoms required for the 
dissociation of O2. Only when the initial CO coverage was reduced to 
≤ 0.37 ML did oxidation occur, as the deposited O2 was able to dissociate at 
the CO free areas of Pd(111) substrate. In spite of this, since the O2 
dissociated in separate domains, the oxidation reaction rate remained 
relatively slow in comparison to when O2 was dosed first, as shown in Figure 
3.14 B. Even taking all of the aforementioned factors into account, a 
Chapter 3 
68 
 
reduction in the CO binding energy should improve the oxidation reaction 
rate during the uptake and subsequent dissociation of the O2 molecules.  
 
 
3.3.5.2 On Au/Pd(111) 
The aim of this chapter was to produce a bimetallic Au/Pd(111) alloy with a 
view to enhance the activity for CO oxidation with CO pre-dosed on the 
surface. Even though Au alloyed on the Pd(111) surface appears to possess 
a quasi-random lattice distribution, the overall effect on the CO is a reduction 
of the binding energy. This should improve the oxidation reaction rate during 
the uptake and subsequent dissociation of O2 on a CO pre-dosed surface. 
However, Au is inert and incapable of dissociating O2. Therefore, an 
intermediate coverage that enables both the dissociation of O2 and 
weakening of the CO on the substrate is vital to produce a good catalyst. Any 
enhancement in the oxidation activity was assessed by comparing the CO2 
production rate of the clean Pd(111) surface with that of the Au/Pd(111) 
surface. This was done initially by pre-dosing the clean Pd(111) with 0.20 ML 
of CO, followed by a continuous molecular beam uptake of O2, and 
monitoring the amount CO2 desorbing from the surface at 300 K. The same 
test was then repeated on various Au covered Pd(111) surfaces annealed to 
650, 700 and 750 K. The data obtained represent the average CO2 
production rate from these annealed temperatures.  
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Fig 3.15. Peak spontaneous CO2 production from deposition of O2 on the partially CO 
(0.20 ML) pre-covered Pd(111), and the 0.20, 0.40 and 0.66 ML Au/Pd(111) surfaces at 
300 K. Error bars calculation based on (1.96 × 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐸𝑟𝑟𝑜𝑟/√(𝑁𝑜. 𝑜𝑓 𝑇𝑒𝑠𝑡𝑠))  
 
Figure 3.15 shows the peak CO2 production rate from O2 being dosed 
onto 0.20 ML of CO, for both the clean Pd(111) surface and the Au/Pd(111) 
alloy. There is a clear increase in the peak CO2 production rate with an 
overall increase of 27.0 % for the Au coverages of 0.20 and 0.40 ML. There 
was however some lack of consistency in the results obtained when 
annealing from 650 to 750 K. This could have been due to the Au forming a 
quasi-random lattice on the Pd(111) which would almost certainly create 
isolated areas with varying activity. Above a 0.40 ML coverage for the 
Au/Pd(111)-alloy, the peak CO2 production began to drop off to that of the 
clean Pd(111) surface, with a further increase in Au coverage deactivating 
the surface completely. As stated, pre-dosing CO followed by O2 was found 
to create separate domains where the bulk of the reaction presumably 
occurred at the boundary edge.  
 
Having exposed the pre-dosed CO to a continuous molecular beam of O2 
for 6 min, the sample with remaining adsorbates was subjected to a 
post-TPD. This was done in order to establish the amount of unreacted CO 
remaining after the spontaneous production of CO2. Figure 3.16 presents the 
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post-TPD quantities of CO2 produced from the 0.20 ML Au/Pd(111)-alloy 
surfaces annealed to 650, 700 and 750 K. These results show that the 
bimetallic surface had a greater reactivity pre-TPD, based on the post-TPD 
producing a larger quantity of CO2 from the clean Pd(111) compared to that 
of the Au/Pd(111) alloys. This was for all annealed temperatures, with all 
surfaces having identical initial CO uptakes. There was however very little 
difference between that post-TPD quantities of CO2. 
 
 
Fig 3.16. Post-TPD CO2 production from oxidation of CO on the (0.20 ML) pre-covered 
Pd(111), Au(0.20)Pd(0.80)/Pd(111) at (dT/dt) of 2.4 Ks
-1 
 
 
3.4 Discussion and Conclusions 
Au/Pd(111) alloys were produced by the sublimation of various coverages of 
Au onto the Pd(111) substrate crystal. This was followed by flash annealing 
to 650, 700 and 750 K in order to form the surface alloy. The main aim of this 
research was to produce the bimetallic Au/Pd(111) alloy and to determine if 
the activity of CO oxidation is enhanced by pre-dosing CO on the surface 
followed by O2. The catalytic activity of these surfaces were then compared 
to that of the Pd(111) by the pre-dosing with CO on all surfaces followed by 
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O2 and monitoring for CO2 production. Post TPD experiments were then 
carried out in order to test for any un-reacted CO.  
We were able to achieve an enhanced activity with the alloys at 
0.2 - 0.4 ML Au coverages followed by annealing to temperatures 650 up to 
750 K. Overall, both a combination of ensemble and ligand effects have been 
responsible for generating this enhanced activity although it has been difficult 
to ascertain which was directly responsible for enhancing the activity of the 
surface. Ensemble effects will increase the reactivity of CO by weakening the 
binding energy in the order 3Au > 2Au:1Pd > 1Au:2Pd. In addition, the ligand 
effects are primarily associated with the complex exchange of electrons 
between the Au and the Pd. Although Au has one of the largest electron 
affinities, in bulk alloys the behaviour is somewhat different depending on the 
Ef.  
Whilst Au remains inert for O2 dissociation and hence CO oxidation, a DFT 
study by Yuan et al.4 showed that a Pd-decorated Au(111) surface, is also 
highly active for CO oxidation with or without dissociative adsorption of O2. 
Their studies focussed on CO oxidation by O2 (or O) on Pd monomer, dimer, 
and trimers incorporated into Au(111) surface using first-principles methods.  
Although Pd ensembles greater than trimers are required to dissociate O2, 
their calculations showed that the CO and O2 molecules could form an 
intermediate metastable adsorbate (OOCO). This would easily dissociate into 
CO2 gas leaving atomic O on the surface. The remaining atomic O would 
subsequently react with CO to give rise to more CO2. The fact that these 
reactions were not possible on the Au(111) substrate alone due to lack of 
atomic O and much slower at high Pd coverage further emphasises that 
alloys of the two metals enhances activity. These intermediate metastable 
adsorbate (OOCO) are able to form due to the diatomic O2 binding initially to 
the atop Pd ensembles. This interaction results in weakening of the O-O 
bond, increasing its length from 1.36 to ~ 1.70 Å. This weakening and bond 
stretching is further enhanced by its reaction with CO on adjacent atop or 
bridge site. Due to the overall lowering in DOS of the Pd atoms by the Au 
substrate, this will inevitably create weakening of both CO and O2 species. 
Hence desorption of CO2 is inevitable during the formation of the 
intermediate metastable adsorbate (OOCO) after dissociation of the O-O 
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bond. These principles could possibly be applied here to similar adsorption 
sites surrounding the Au ensembles of the Pd(111) substrate.  
Gao et al.1,2 previously looked at CO oxidation on a AuPd(100) single 
crystal employing polarization-modulation infrared reflection absorption 
spectroscopy (PM-IRAS). Whilst their experiments also provided evidence 
that contiguous Pd sites were requires in order to dissociate O2 prior to 
oxidation this only occurred at high CO pressures in excess of 0.1 mbar. 
Whilst pressures of 1 × 10-3 mbar were sufficient to achieve migration of Pd 
atoms to the surface, pressures of ∼0.1 mbar were required for the formation 
of significant populations in order for oxidation to occur. These pressures 
produced a surface with ∼10% Pd and ∼90% Au atoms where the Pd atoms 
are completely isolated by Au. At UHV pressures, it was not possible to 
achieve any oxidation reactions due to a lack of Pd sites and extensive Au 
atoms populating the surface.  
As stated, both a combination of ensemble and ligand effects have been 
responsible for generating the enhanced activity of the bimetallic Au/Pd(111) 
alloy in comparison to the pure Pd(111) surface. However, because both of 
these effects operate simultaneously, separating each effect and assessing 
their relative importance has proved to be extremely difficult. Although we 
have obtained a detailed understanding of the surface composition by means 
of characterisation TPD experiments, knowledge of the lateral distribution at 
atomic level still remains relatively sketchy. In terms of the ensemble effects, 
with Au being relative inert to oxidation, this would drastically reduce the 
dissociation probability with increasing coverage of Au coverage. 
Concomitantly, the increase in ligand effect with increasing Au coverage is 
only effective in increasing the oxidation rate up to a Au coverage of 0.3 ML 
as shown in Figure 3.15. 
It is a well-known fact that a clear decision on the mechanism of a catalytic 
reaction cannot be made solely on the basis of the rate laws governing the 
steady-state kinetics. Instead an investigation of the reaction intermediates in 
terms of the surface complexes formed and/or the time resolved relaxation 
behaviour are necessary. Although the detailed reaction mechanism is likely 
to be quite complex it is obvious that the Pd surface provide the atomic O for 
the adsorbed CO on both the Au and Pd sites. The necessity for atomic O2 
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therefore rules out the possibility of an Eley-Rideal mechanism. As a result 
one can assume a bifunctional mechanism88 for oxidation where the 
dissociated O2 migrates after dissociation both to neighbouring Pd surface 
atoms and Au alloyed adatoms. With this being the case one would assume 
the reaction to proceed by way of the Langmuir-Hinschelwood mechanism. 
As such the rate-limiting step would be the dissociative chemisorption of O2. 
Alternatively, assuming CO2 production was to coincide with the dissociative 
chemisorption of O2, one could assume the reaction would proceed by way of 
the Hot-atom mechanism as reported by Lahr and Ceyer89 for oxidation of 
CO on Au/Ni surface alloys.  
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4 Oxidation of CO on Cu(110) at 90 to 170 K 
4.1 Introduction 
Although Cu is an industrially important catalyst, used essentially in methanol 
production from CO and H2; it is very rarely used for the catalytic oxidation of 
CO. Chemisorbed O2 has been studied extensively over the last 40 years on 
Cu, much of the interest focussed on understanding the oxidation of 
hydrocarbons; e.g. the epoxidation of ethylene to produce ethylene oxide, 
subsequently used in surfactant chemistry5,90. This chapter details the kinetic 
study of the catalytic oxidation of CO on the Cu(110) substrate focused on 
the reactivity of chemisorbed atomic O at 90 to 170 K. 
This study was done initially by pre-adsorbing O2 on the Cu(110) substrate 
surface at various coverage, followed by CO and monitoring for CO2 
production. The crystal was then subjected to a post TPD experiment with 
both oxidation reactants on the surface again monitoring for CO2 production. 
This was then reversed with CO pre-dosed followed by O2 and again 
monitoring for CO2. We thereby obtained information essential for the kinetic, 
qualitative and quantitative understanding of the CO oxidation reaction. 
 As stated in the introduction noble metals such as Pt, Pd and Rh have 
commonly been used for CO oxidation. In contrast the oxidation activity of Cu 
has remained questionable particularly at higher temperatures around 300 K 
where the chemisorbed atomic O appears to be less reactive bound as the 
(2 × 1)-O reconstruction.  
 
 
4.1.1 Classification of reaction rates and mechanisms 
In any heterogeneous catalysis process, the reaction will proceeds by way of 
a sequence of steps, including adsorption, surface diffusion and 
reorganization of the adsorbed intermediates, followed by desorption. Factors 
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that influence the reaction rates of catalytic chemical reactions include the 
concentration of reactants, temperature, the physical state of reactants and 
their dispersion. With heterogeneous catalysis, the reactants and the catalyst 
are initially in two different phases; therefore collisions between the reactants 
can only occur at the interfaces between phases. As a result of this, transport 
between the phases and on the surface plays an essential role in surface 
reactions.  
The most common surface reaction mechanism in heterogeneous 
catalysis is one in which both the reactants adsorb, migrate on the surface 
and then collide to form products. This is known as the Langmuir-
Hinshelwood (L-H) mechanism37 as shown in Figure 4.1 and is particularly 
common during heterogeneous oxidation, as the O2 molecules have to 
dissociate prior to reacting with the reductant.  
On the other hand, the Eley-Rideal (E-R) mechanism (Figure 4.2), 
involves a gaseous molecule striking and reacting directly with an adsorbed 
molecule15. This type of mechanism is very unlikely for heterogeneous 
oxidation reactions due to O2 being practically un-reactive in its gaseous 
diatomic state.  
An alternative mechanism, known as the Hot Atom (HA) or hot precursor 
mechanism (Figure 4.3) occurs when one of the reactants pre-adsorbed to 
the substrate will only react with the other reactant by way of a transient state 
not fully accommodated to the surface15. Assuming that was to happen here, 
the hot O atom will only react with the pre-adsorbed CO molecule after 
gaining enough translational kinetic energy during dissociation on the surface 
to form a mobile precursor state. This type of mechanism has been observed 
by Mullins et al.91 when investigating the dynamics of CO oxidation on 
Pt(111). 
Chapter 4 
76 
 
 
Fig 4.1. Representation of the Langmuir-Hinschelwood mechanism for the oxidation of CO 
with one of the reactants, CO pre-adsorbed on the Cu(110) substrate surface. The catalytic 
reaction takes place by way of the following steps as labelled. (1) The incoming diatomic O2 
dissociate when coming into contact with the Cu(110) substrate. (2) This leads to the 
production of atomic O which migrates on the substrate surface. (3) Some of these 
dissociated O atoms react to form complexes (4) with the pre-adsorbed CO molecules. (5) 
These complexes give rise to CO2, which eventually breaks free to give CO2 gas. 
 
 
 
Fig 4.2. Representation of the Eley-Rideal mechanism for the oxidation of CO with one of the 
reactants, CO pre-adsorbed on the Cu(110) substrate surface. The catalytic reaction takes 
place by way of the following steps as labelled. (1) The incoming diatomic O2 reacts directly 
with the pre-adsorbed CO without coming into contact with the Cu(110) substrate. (2a) This 
leads to the production of a OOCO-Cu complex which dissociates (2b) leaving atomic O on 
the Cu(110) substrate and bound CO2. (3) The bound CO2 eventually breaks free to give 
CO2 gas. 
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Fig 4.3. Representation of the Hot-atom-mechanism for the oxidation of CO with one of the 
reactants, CO pre-adsorbed on the Cu(110) substrate surface. The catalytic reaction takes 
place by way of the following steps as labelled. (1) The incoming diatomic O2 dissociate 
when coming into contact with the Cu(110) substrate. (2) This leads to the production of 
atomic O, one of which remains chemically adsorbed (chemisorbed) to the surface, whilst 
the other is ejected. (3)  The ejected oxygen atom with kinetic energy strikes an adsorbed 
CO molecule, combining to produce a complex on the substrate. (4) These complexes give 
rise to CO2, which eventually breaks free to give CO2 gas. 
 
 
4.1.2 A General synopsis of research done on the oxidation of CO on 
Cu(110) 
It has generally been assumed that the oxidation of CO on Cu(110) proceeds 
by the Langmuir-Hinshelwood (L-H) mechanism between adsorbed species 
(Reaction 4.1)28,92,93. However, contradictory results have been published in 
studies associated with the adsorption states of oxygenated Cu(110) with no 
straightforward interpretation of the type of intermediate species adsorbed on 
the Cu(110) substrate established to date. 
 
𝐶𝑂(𝑎𝑑𝑠) + 𝑂(𝑎𝑑𝑠) → 𝐶𝑂2(𝑔)                                                                  (4.1) 
 
As a result there is a need to extend the research already conducted on 
the reactivity of O2 with CO on Cu(110) at low temperatures. In addition, most 
of the previous work is centred specifically on the reactions of pre-adsorbed 
O2 with CO. Hence there is also a need to focus the study on the reactions 
associated with pre-adsorbed CO as the oxidation mechanism may differ. 
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Early reports by Schneider & Hirschwald6 suggest that O2 adsorbed at 
85 K and at 300 K in the Cu(110)-(2 × 1)-O phase does not oxidise 
coadsorbed CO to produce CO2(g). Instead, they observed adsorbed CO2
− as 
a labile species, decomposing at 120 K to give rise to CO, leaving O(ads)
−  on 
the surface. In contrast, research conducted by Sueyoshi et al.7 suggest that 
the as exposed (no ordered structure) dissociated O atoms at 100 K, do 
oxidise CO to form CO2(g). However, they did observe a significant drop in the 
reactivity of atomic O as the ordered (2 × 1)-O island structures were formed. 
At the slightly higher temperature of 150 K, Crew & Madix5 found the short 
chain Cu-O-Cu (partial ordered structure) formed at this temperature to be 
equally as un-reactive with CO as the (2 × 1)-O island structure formed at 
higher temperatures. However, with the temperature elevated to 400 K, the 
reactivity appeared to increase due to the detachment and subsequent 
mobility of O atoms from the -Cu-O- chain ends94.  
 
 
4.1.3 CO on Cu(110) 
In general there are in principle four high symmetry sites where the 
adsorption of molecular CO is likely to occur as shown schematically in 
Figure 4.4. The fourfold hollow site (HL) where it is surrounded by four 
surface Cu atoms, the long-bridge site (LB) where it is equidistant between 
two surface atoms lying in the [001] direction, the short-bridge site (SB) 
between two surface atoms lying in the [1͞10] direction and the atop site (TP) 
directly on top of a surface atom, often referred to as just the top site (T). 
Other possible locations investigated by Liem et al.95 are the sites between 
the long-bridge and the hollow which they referred to as the long-bridge-
hollow site (LB-HL), and the pseudo three-fold coordination between the 
hollow and the short-bridge which they referred to as the near hollow site 
(NHL). However, there research was focussed solely on the dissociative 
adsorption of O2. 
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Fig 4.4. Possible adsorption sites on the Cu(110) substrate surface; showing the hollow (HL), 
long-bridge (LB), short-bridge (SB) and atop (TP) configurations. 
 
 
According to Schindler et al96. and Harendt et al.97 using various 
techniques including LEED, TPD and optical differential reflectance, CO 
adsorbed on the Cu(110) substrate at 110 K will generally bind carbon end 
down to the atop site at a low surface coverage 0.4 < θ < 0.5. At these 
coverages the structure formed gives rise to a diffuse (1 × 1) LEED pattern, 
which was found to convert to a (2 × 1) when annealed to 170 K and then 
cooled back to 110 K. At coverages θ > 0.5, the CO molecules rearrange to a 
compressed structure, finally saturating at 0.8 ML to form a complex 
𝑐(5/4 × 2) LEED pattern when again annealed to 170 K and cooled back 
to 110 K.  
A photoelectron diffraction (PhD) study of CO on Cu(110) by Hofmann et 
al.98 showed that at low coverages (θ ≤ 0.2), CO adsorbs to the atop site with 
a normal orientation, isolated from nearest neighbours by adsorbate-
adsorbate repulsion. With an increase in coverage (0.2 ≤ θ < 0.5), pairs of 
neighbouring CO molecules along the [11̅0] azimuth were found to tilt due to 
increased adsorbate-adsorbate interactions. According to Ahner et al.99 at 
coverages (θ = 0.5), the CO molecules were found to aggregate and form 
chains of at least four CO molecules along the [11̅0] azimuth with a 
staggered arrangement as shown in Figure 4.5. Here the central CO 
molecules are slightly tilted in the [001]  direction, with the end molecules 
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tilting 16° towards the empty adjacent sites. These slight changes in the 
lateral arrangements of the CO molecules with increasing coverage were 
found to have an effect on the thermal desorption spectra. At low to 
intermediate coverages (0.2 ≤ θ < 0.5), CO was found to desorb from the 
Cu(110) surface with a peak maxima of 210 K. However, this peak maxima 
was found to shift to a slightly lower temperature with increasing coverage 
(0.5 < θ ≤ 0.8) due to repulsive adsorbate interactions6,100,101.  
 
 
Fig 4.5. Schematic proposed linear chain model for the adsorption of CO on Cu(110) 
showing increasing coverage moving from left to right. 
Reproduced (Adapted) with permission from Dynamics and structure of chemisorbed CO on 
Cu(110): An electron stimulated desorption ion angular distribution study, J. Vac. Sci. 
Technol. A 14(3), May/Jun 1996. Ahner et al. Copyright [1996], American Vacuum Society." 
 
A DFT study conducted by Zuo et al.102 looking at all the possible 
adsorption sites, calculated that it is possible for CO to bind to either the 
atop, short bridge or the long bridge site, forming three different surface 
structures as shown in Figure 4.6. All of these structures having exothermic 
chemisorption energies, indicating CO chemisorption on the Cu (110) 
substrate to be thermodynamically favourable. They calculated the most 
stable chemisorbed structure to be the short bridge with an adsorption 
energy of -1.13 eV (-109.0 kJmol-1), whilst the atop and the long bridge sites 
are less stable with adsorption energy -1.09 eV (-105.2 kJmol-1) 
and -0.66 eV (-63.7 kJmol-1) respectively.  
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Fig. 4.6. Structures of chemisorbed CO on Cu (110). Adsorption sites: T Top site, LB long 
bridge, SB short bridge, J. Mol Model (2009) Volume 15, Issue 9:1079–1083/ Adsorption of 
CO on Cu (110) and (100) surfaces using COSMO-based DFT, Zuo, Huang, Han & Li ; with 
kind permission from Springer Science and Business Media" 
 
 
4.1.4 CO2 on Cu(110) 
There is a degree of controversy in early research conducted by Schneider et 
al.103 as to whether or not CO2 will dissociate on the Cu(110) surface at 
temperatures below 80 K. However, at surface temperatures between 
81 < Ts ≤ 85 K, CO2 was found to adsorb intact and also desorbs in its 
molecular state at a peak temperature of 100 K. Similar results confirming 
molecular adsorption/desorption within this temperature range 
(81 < Ts ≤ 85 K) were also confirmed by Ernst et al.
104 however, they did not 
observe dissociation when CO2 was adsorbed at temperatures ~ 45 K. As 
shown in Figure 4.7, the TPD spectra recorded for various CO2 coverages 
suggest first order desorption kinetics with a binding energy of 21 kJ/mol.  
 
All of the tests reported in this chapter were conducted at surface 
temperatures 90 ≤ Ts ≤ 170 K, therefore it was not possible to calibrate any of 
the result against pure CO2. As will be explained later in the experimental 
section, the amount of CO2 produced from the TPD experiments was 
calibrated using formic acid. 
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Fig 4.7. A series of TPD spectra (mass: 44), after adsorption of increasing amounts of 
carbon dioxide on the clean Cu(110) surface. For the sake of clarity, the baselines of the 
spectra are shifted upwards with increasing exposure, because some of the curves overlap 
at the leading edge. The major tick lines on the temperature scale equate to 10 K intervals. 
Adapted from, Ernst et al. Adsorption of carbon dioxide on Cu(110) and on hydrogen and 
oxygen covered Cu(110) surfaces. Phys. Chem. Chem. Phys. 1, 4105–4112 (1999), with 
permission of the PCCP Owner Societies. 
 
 
4.1.5 Adsorption and Dissociation of O2 at low temperatures on 
Cu(110) required for oxidation of CO molecules 
The formation of CO2 from the reaction of CO with atomic O is 
thermodynamically favourable, with an exothermic free energy of formation, 
as will be detailed in the next section. However, in the gaseous phase this 
reaction is prohibited due to the high activation energy required to dissociate 
O2. When both reactants, CO and O2 are exposed to the Cu(110) surface the 
activation energy is lowered sufficiently in order to actively dissociate the 
diatomic oxygen, leaving atomic O available to react with the CO to produce 
CO2. 
It has been well established in early experimental studies by Spitzer and 
Lüth105 that O2 adsorbs dissociatively on the Cu(110) surface at room 
temperature. However, there has been a degree of controversy and 
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conflicting work published with regards to the exact adsorption state of O2 at 
low surface temperatures 4 ≤ Ts ≤ 140 K.  
Early research by Mundenar et al.106 using EELS and UPS showed that O2 
adsorbs dissociatively on Cu(110) after exposure at 100 K, albeit with limited 
long-range order of the atomic O. They went on to conclude that the EELS 
features previously observed in earlier research by Prabhakaran et al.107 
were probably due to either CO or H2O contamination, ruling out the 
existence of a chemisorbed molecular state.  
Hodgson et al.108 later studied the dissociative chemisorption of O2 on 
Cu(110) using molecular beam experiments, where they observed two 
competing dissociation channels according to Equation 4.1.  
 
𝑂2(𝑔) ⇌ 𝑂2(𝑝ℎ𝑦𝑠) ⟶ [𝑂2(𝑎𝑑𝑠)] → 2𝑂(𝑎𝑑𝑠)                                        (4.1) 
 
At low translational energies and low temperatures, they observed a 
trapping-desorption channel associated with a weakly bound physisorbed 
molecular state. They also observed at molecular translational energies 
greater than 50 eV, an activated dissociative chemisorption channel. Here, it 
was assumed that dissociation occurred directly or through a short lived 
chemisorbed molecular state. By increasing the translational energy above 
50 eV, approaching 400 eV, any steric requirements for dissociation were 
removed completely which gave rise to facile dissociation. Regardless of 
these findings, their paper casts doubt over the existence of a chemisorbed 
molecular state, due to a lack of previous theoretical or experimental 
evidence. A later STM study by Briner et al.109 confirmed the possibility of 
both weakly bound, “trapped” molecular O2, in addition to atomic O adsorbed 
at 4 K. These findings were later supported in DFT calculations by Liem et 
al.110 looking at the dissociative pathways for O2 on the Cu(110) surface. 
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4.1.6 Aim of project 
As outlined in the introduction section in this project we aim to assess the 
catalytic activity and the kinetic mechanism of CO oxidation on Cu(110) at 
temperatures 90 to 170 K. A schematic diagram of the overall process is 
shown in Figure 4.8, where there are three activated steps. These are; E2 
the dissociation of O2, E5 the transfer and hence reaction of the chemisorbed 
atomic O(ads) to the (reductant) chemisorbed CO(ads), which will inevitably be 
determined by the binding energy of the atomic O(ads) with the substrate, and 
E6 the desorption of CO2. On an ideal catalyst all of these activation steps 
are fast. However, in reality this is never the case as no metal is ideal in both 
the dissociation of oxygen and the reaction of the chemisorbed atomic O(ads) 
with the chemisorbed CO(ads). Thus the overall reaction rate will be 
determined by the slowest of these activation steps.  
Typically a poor metal catalyst will have a high O-substrate binding energy 
in the region of 4.5 eV. Catalysts for oxidation reactions on the other hand 
tend to form weaker bonds in the region of 2.2 eV, e.g Pt and Rh, which are 
widely used for automotive pollution abatement. On Cu(110) the binding 
energy ranges from 1.60 – 2.00 eV, decreasing almost linearly with O 
coverage indicating a gradual build-up of repulsive interactions between the 
adsorbed O atoms38. 
The schematic energy level diagram shown suggests that CO oxidation is 
a thermodynamically favourable process, with the production CO2 having an 
exothermic free energy of formation. However, it is a non-spontaneous and 
kinetically unfavourable reaction due to the dissociation of O2 being the rate 
determining step in addition to the migration of CO and atomic O assuming 
dissociation of O2. Here we investigate the kinetics in order to ascertain 
whether the reaction proceeds by way of the L-H, the chemically induced E-R 
or the HA mechanism. Hopefully this will enable us to model a reaction rate 
mechanism in the process. The L-H mechanism would proceed by way of all 
of the combined energy steps laid out in Figure 4.8, with both the E-R and 
HA mechanisms proceeding by way of combined energy steps E2, E5 & E6, 
with part of the E3 energy step associated only with the HA mechanism. 
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Fig. 4.8. Schematic energy level diagram for the overall CO oxidation process on Cu(110)  
 
 
4.2 Experimental 
A Cu(110) crystal, cut and polished with an accuracy of ~ 0.25°, was used 
throughout the entirety of this study. All experiments were performed in an 
Ultra High Vacuum (UHV) chamber, operated at base pressures 
< 10-10 mbar. As detailed in the experimental section, each stage of the UHV 
chamber was pumped independently by diffusion pumps, all backed by rotary 
oil pumps, running in combination with a liquid nitrogen cooled titanium 
sublimation pump. The polished Cu(110) crystal was cleaned by prolonged 
Ar+ ion sputtering cycles of 15-20 minutes at a drain current of 2 – 5 μA 
(500 eV) at room temperature prior to each experiment. This was performed 
in order to remove surface contaminants such as carbon, oxygen and 
sulphur, followed by annealing to 823 K. The surface order prior to analysis 
was assessed by LEED to obtain a bright (1 × 1) pattern. The crystal was 
mounted by the use of 0.2 – 0.5 mm Ta-wires on Ta-rods on a rotatable 
manipulator that could be moved horizontally in the x, y-plane and vertically 
along the z-axis. The manipulator was also equipped with an electrical feed-
through to enable resistive heating and the temperature was monitored by 
the use of a thermocouple mounted to the side of the crystal.  
                                                                                                          E1 = Physi & Chemisorption of O2(g) 
 E2 = Activated dissociation of O2(ads) 
                                                                     E3 = Chemisorption/Binding energy Ed of O(ads) 
 E4 = Chemisorption/Binding energy Ed of CO(ads) 
 CO(g) E2 E5 = Activated/(Transfer reaction) O(ads) with CO(ads)   
 O2(g) E6 = Desorption/binding energy Ed of CO2(ads)  
  
   
   E1  CO(g)     E3 O(ads) 
  O2(ads) CO(g) 
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All Temperature-Programmed Desorption (TPD) and uptake sticking 
coefficient experiments were measured by means of a Quadrupole Mass 
Spectrometer (QMS). A heating rate (dT/dt) of 2.7 Ks-1 was used throughout 
for the TPD measurements.  
Oxygen (99.5 % O2 high purity supplied by BOC, CAS No: 7782-44-7) and 
carbon monoxide (99.0 % CO, supplied by Aldrich, CAS 680-08-0) were 
dosed by means of a two stage collimated effusive beam. The first stage 
pumped to a base pressure of 2.6 × 10-6 mbar and the second to 
3.0 × 10-9 mbar. Each beam was introduced into the chamber at an in line 
pressure of 1.0 ± 0.05 mmHg (~1.33 mbar or 1.00 Torr) through a glass 
nozzle with a 1 mm inner diameter. Exiting the nozzle the beam entered the 
first stage, then through a 1 mm skimmer prior to entering the second stage 
and finally entering the chamber through a 5 mm collimation orifice. The 
effusive molecular beam is incident on a metal flag shielding it from the 
crystal which could be opened and closed during molecular beam dosing.  
For these experiments O2 was initially dosed at coverages of 0.125, 0.25 
and 0.50 ML separately at temperatures 90, 130, 150, and 170 K, followed by 
a saturated uptake of CO. In order to test for CO2 production, mass 44 was 
monitored using the QMS during the CO uptake. To assess for any CO2 
production on the surface the crystal was subsequently heated to desorb any 
products, while monitoring for both CO2 mass 44 and unreacted CO (mass 
28). Experiments were then carried out by dosing CO at coverages of 0.2, 
0.4 and 0.8 ML separately at temperatures 90, 130 150 and 170 K, followed 
by a saturated uptake of O2. Again, any CO2 production during uptakes and 
TPDs was monitored throughout. The partially ordered O2 (as exposed) 
overlayers at 0.125 and 0.25 ML were calibrated against the saturation 
p(2 × 1) coverage of 0.50 ML. The CO overlayer at 0.2 and 0.4 ML were 
calibrated against the saturated streaky c(5/4  2) structure at CO coverage 
0.8 ML. Quantitative analysis of CO2 produced throughout was calibrated 
using Formic acid (96 % A. C. S Reagent supplied by Aldrich, CAS 
No: 64-18-6) adsorption on the clean Cu(110) surface, subsequently giving 
rise to a formate layer which was thermally decomposed to give carbon 
dioxide. 
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The activation energy for CO desorption 𝐸𝑑 was estimated using the 
following equation; 
𝐸𝑑 = 𝑅. 𝑇𝑝 [𝐼𝑛 (
𝐴. 𝑇𝑝
𝛽
) − 3.46] 
 
where 𝑅 = the universal gas constant (8.314 Jmol-1K-1), 𝑇𝑝 = desorption 
peak max, 𝐴 = pre-exponential factor (see below for values 1013 and 1018 s-1) 
and 𝛽= heating rate (dT/dt) = 2.7 Ks-1. 
 
The desorption of CO can be well described by the first-order desorption 
kinetics as detailed in Chapter 2 (Section 2.5.1.2). As detailed in the 
introduction (Section 4.1.3), CO adsorbed on the Cu(110) substrate at a low 
surface coverage (0.4 < θ < 0.5) will gives rise to a diffuse (1 × 1) structure, 
converting to the (2 × 1) when annealed to 170 K followed by cooling back to 
110 K. At coverages θ > 0.5, the CO molecules rearrange to the compressed 
structure, saturating at 0.8 ML to form a complex 𝑐(5/4 × 2) LEED pattern. In 
accordance with previous research, at the lower surface coverage (θ ≤ 0.5), 
the activation energy for desorption 𝐸𝑑 was estimated using a pre-
exponential factor 1018 s-1. At the higher surface coverage (0.5 ≤ θ ≤ 08), a 
pre-exponential factor 1013 s-1 was used. Different pre-exponential factors 
were used due to the fact that repulsive CO-CO interactions set in around 
θ ~ 0.4 – 0.5 ML, due to the formation of the close-packed 𝑐(5/4 × 2) 
structure101,111–113.  
The turnover frequency (TOF) of the Cu(110) crystal for CO oxidation 
which is the number of molecules of CO2 produced per unit time was 
calculated using the following equation. 
 
𝑇𝑂𝐹 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 × 𝑡𝑖𝑚𝑒
=  
1
𝑠
𝑑𝑛
𝑑𝑡
 
 
These TOF tests were all conducted at 170 K by first dosing a saturated 
coverage of CO followed by O2, monitoring for CO2 during the O2 uptake. The 
main purpose of this TOF test was to evaluate the activity of the Cu(110) 
crystal after repeated uptakes of both CO followed by O2 both in the absence 
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of any cleaning and with only a brief anneal between uptakes. Initially the 
TOF was conducted repeatedly without any cleaning. The crystal was then 
cleaned as detailed earlier in this section and the TOF tests repeated with 
only a brief 1 min anneal up to 773 K between each set of uptakes114,115. 
 
 
4.3 Results and Discussion 
4.3.1 Quantitative analysis of CO2 
The amount of CO2 produced during the experiments was quantified by the 
decomposition of formate, monitoring the CO2 produced by the QMS 
(mass 44) TPD signal. Formic acid was used as opposed to CO2 due to the 
fact that the lowest working temperature used in these experiments were too 
high to stabilise CO2 on the Cu(110) surface
103,104.  Formic acid adsorbed on 
the clean Cu(110) surface at 340 K produced formate (𝐻𝐶𝑂𝑂(𝑎𝑑𝑠)
− ) and 
atomic hydrogen (𝐻(𝑎)
+ ) by way of the dissociation reaction (Figure 4.9 & 
Reaction 4.2)104.  
 
 
Fig. 4.9. The uptake of formic acid (blue uptake plot) on the clean Cu(110) surface at 340 K, 
dissociating into atomic H which desorbs recombinately into H2(g) (black desorption plot) 
depositing a formate (HCOOa
-
) layer on the surface.   
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2𝐻𝐶𝑂𝑂𝐻 + 2𝑒− → 2𝐻𝐶𝑂𝑂(𝑎𝑑𝑠)
− + 𝐻2(𝑔)                                          (4.2) 
 
A temperature of 340 K was set conveniently above the desorption 
temperature of H2 but below the desorption temperature of formate to enable 
the formation of a dense monolayer with a coverage of 0.5 ML which is 
equivalent to 3.62 × 1014 molecules cm-2. This value was confirmed 
previously in several studies using XPS116, which showed that the formate 
was bound to the surface through both equivalent oxygens as shown in 
Figure 4.10. 
 
 
 
 
 
Fig. 4.10. Formate molecules (red-Oxygen, grey-Carbon & white-Hydrogen) bound to 
Cu(110) crystal surface (brown substrate atoms) in a 𝑐(2 × 2) arrangement, equating to a 
coverage of 0.5 ML. 
 
 
Chapter 4 
90 
 
This was followed by a TPD where the formate decomposed at 470 K into 
H2(g) and CO2(g) stoichiometrically (Figure 4.11 & Reaction 4.3). 
 
2𝐻𝐶𝑂𝑂(𝑎𝑑𝑠) → 𝐻2(𝑔) + 𝐶𝑂2(𝑔)                                             (4.3) 
 
 
 
 
Fig. 4.11. TPD spectra for formate decomposition from clean Cu(110) at 470 K, showing 
dissociation into H2(g) and CO2(g). 
 
 
The CO2 signal was calibrated with the equivalent coverage of 0.5 ML which 
equates to 3.62 × 1014 molecules cm-1. This was then used to calculate the 
amount of CO2 produced during the oxidation reactions
104,117–119. 
 
 
4.3.2 Oxidation on the atomic O pre-covered Cu(110) surface 
This section details the oxidation results obtained from CO being dosed onto 
the atomic O pre-covered Cu(110) surface, monitoring throughout for CO2 
during the uptake of CO and the following TPD.  As detailed in the 
introduction section, there is a degree of controversy and conflicting work 
published with regards to the exact adsorption state of O2 at low 
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temperatures. As a result of this, I have referred to the adsorption state as 
atomic O throughout the following figures. In addition, this makes practical 
sense as O2 in its molecular state will not react with gaseous or bound CO 
prior to being dissociated. 
O2 was initially dosed at coverages of 0.125, 0.25 and 0.50 ML separately 
on the clean Cu(110) surface at temperatures 90, 130, 150, and 170 K. This 
was then followed by a saturated uptake of CO, whilst monitoring continuous 
for the production of CO2 (mass 44) throughout the duration of the uptake. 
Following the CO uptake the crystal was heated whilst concurrently 
monitoring for both activated CO2 production (mass 44), in addition to mass 
28 for any un-reacted CO as shown in Figure 4.12. All CO oxidation 
experiments were conducted from the lowest attainable temperature of 90 K, 
up to the onset desorption temperature of 170 K for CO as shown in Figure 
4.13.  
 
 
 
Fig. 4.12. TPD spectra for CO2 produced along with unreacted CO, after heating the crystal 
from 0.25 ML of atomic O and a saturated coverage of CO. The uptake of both of the 
oxidation reactants was carried out at 90 K prior to the TPD. 
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Fig. 4.13. TPD spectra for a monolayer of CO desorbing from the clean Cu(110) surface with 
an onset at 170 K and peak maximum at 212 K. This full monolayer coverage corresponds to 
the saturated c(5/4  2) structure which has a coverage of 0.8 ML.  
 
 
 
 
Fig. 4.14. The percentage conversion of atomic O (at pre-coverage 0.125, 0.25 and full 
0.5 ML) to CO2 after heating the crystal following a saturated CO uptake. The pre-coverage 
uptakes were all carried out separately at 90, 130, 150 and 170 K. 
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Fig. 4.15. The amounts of CO2 produced along with any unreacted CO after heating the 
crystal with both atomic O and CO on the surface, at uptake temperatures of (a) 90 K. (b) 
130 K, (c) 150 K and (d) 170 K. A relative coverage of 1 ML was used for each; equating to 
0.5 ML for atomic O, 0.8 ML for CO and 0.3 ML for CO2. These results are based on the 
average of a series of TPDs with the errors based on (1.96 × Stdev ÷ No. of experiments).  
   
 
Figure 4.14 shows the % conversion of atomic O to CO2 after heating the 
crystal with both O2 and CO dosed on the surface at 90, 130, 150 and 170 K. 
Clearly when dosed at 90 K there is a significant amount of CO2 being 
produced during the TPD, which steadily decreased as the uptake 
temperature was increased up to 170 K. The individual breakdown of each 
product, CO2 and unreacted CO is presented in Figure 4.15 at each uptake 
temperature (a) 90 K. (b) 130 K, (c) 150 K and (d) 170 K.  
Whilst Sueyoshi et al.7 observed oxidation of CO occurring at 100 K, no 
oxidation of CO has previously been reported at temperatures as low as 
90 K. Assuming O2 did dissociate at 90 K with CO present on the surface, it 
is unlikely at this temperatures there are ordered overlayer structures formed 
i.e. the (2 × 1)-O, (2 × 1)-CO or 𝑐(5/4 × 2)-CO. As a result the oxidation 
could be attributed to both atomic O and CO diffusing during annealing and 
reacting whilst moving to their favourable sites. This Langmuir-Hinschelwood 
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mechanism, as observed by Sueyoshi et al.7, would only be possible prior to 
the formation of the stable (2 × 1)-O reconstruction which would explain the 
reduction in oxidation with increasing temperatures.  
Although Mundenar et al.106 found O2 adsorbs dissociatively on exposure 
at 100 K, there is very little evidence to suggest that it does not remain in a 
physisorbed state at 90 K. If this was the case, dissociation of O2 would 
inevitably occur during heating, again giving rise to mobile atomic O and CO 
reacting similarly as before resulting in oxidation.  
Additionally, some late transition and noble metals can stabilize molecular 
adsorbed O2 at these low temperatures as 𝑂(𝑎𝑑𝑠)
2− , peroxo 𝑂2(𝑎𝑑𝑠)
2−  and 
superoxo 𝑂2(𝑎𝑑𝑠)
−  transition states39. The formation of these transient states 
can be explained by the following processes from diatomic oxygen in the 
gaseous state, becoming physisorbed (phys) and then forming various 
transient (trans) states according to Reactions 4.4 - 4.6, 4.7 and/or 4.9. 
 
 
𝑂2(𝑔) ⇌ 𝑂2(𝑝ℎ𝑦𝑠)                                                                         (4.4) 
𝑂2(𝑝ℎ𝑦𝑠) + 𝑒
− → 𝑂2(𝑡𝑟𝑎𝑛𝑠)
−                                                                         (4.5) 
𝑶𝟐(𝒕𝒓𝒂𝒏𝒔)
− + 𝒆− → 𝑶𝟐(𝒕𝒓𝒂𝒏𝒔)
𝟐− → 𝑶𝟐(𝒂𝒅𝒔)
𝟐−                                                    (𝟒. 𝟔) 
and/or 
𝑂2(𝑔) ⇌ 𝑂2(𝑝ℎ𝑦𝑠)                                                                         (4.4) 
𝑂2(𝑝ℎ𝑦𝑠) + 𝑒
− → 𝑂2(𝑡𝑟𝑎𝑛𝑠)
−                                                                          (4.5) 
𝑶𝟐(𝒕𝒓𝒂𝒏𝒔)
− → 𝑶𝟐(𝒂𝒅𝒔)
−                                                                           (𝟒. 𝟕) 
and/or 
𝑂2(𝑔) ⇌ 𝑂2(𝑝ℎ𝑦𝑠)                                                                         (4.4) 
𝑂2(𝑝ℎ𝑦𝑠) + 𝑒
− → 𝑂2(𝑡𝑟𝑎𝑛𝑠)
−                                                                         (4.5) 
𝑂2(𝑡𝑟𝑎𝑛𝑠)
− + 𝑒− → 2𝑂(𝑡𝑟𝑎𝑛𝑠)
−                                                                     (4.8) 
𝑶(𝒕𝒓𝒂𝒏𝒔)
− + 𝒆− → 𝑶(𝒂𝒅𝒔)
𝟐−                                                                         (𝟒. 𝟗) 
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These transient states will have a much higher reactivity up until the point 
they react with any Cu atoms migrating on terraces and from the step edges. 
It is also known that dissociation in this way leaves the dissociated fragments 
energetically excited5. These factors would certainly explain the reactions of 
physisorbed oxygen with CO at 90 K where the highly reactive transient 
states produced during the TPD were able to react directly with the 
chemisorbed CO. At the higher temperatures of 150 and 170 K oxygen when 
pre-adsorbed will react directly with any migrating surface Cu atoms to form 
small immobile –Cu-O- units, unable to react with any subsequent uptake of 
CO. 
Whether the oxygen existed as mobile atomic O, in the physisorbed 
transient state, there was still a significant difference in the amount of CO 
being converted to CO2 particularly at 90 K. At the lowest atomic O pre-
coverage of 0.125 ML, a 100 % yield of CO2 was obtained which could 
probably be attributed to the fact that at such a low coverage the excess CO 
dominates, surrounding the O adatoms. With this being the case one would 
expect a high yield during the TPD. Although still in excess at the saturated 
atomic O coverage, the yield dropped off significantly to 40 %, due to 
oxidation occurring only at the boundaries of the atomic O islands prior to the 
O adatoms forming stable –Cu-O- units during the TPD.  
It is important to note here that at no point was any CO2 observed 
desorbing spontaneously during the subsequent uptake of CO on the oxygen 
pre-covered surface. All CO2 production occurred only during the TPD stage 
of the experiments which would suggest a transient state mechanism, akin to 
that of an Eley-Rideal mechanism. 
Even at the highest O2 uptake and subsequent atomic O coverage, the Cu 
substrate was able to accommodate adequate quantities of CO in order for 
the oxidation reaction to proceed according to the stoichiometric Reaction 
4.1. This is significant in order to obtain a true % conversion at all O 
coverages and temperatures. The excess CO was evident by the quantitative 
amounts of unreactive CO observed throughout all of the experiments as 
shown in Figure 4.16. Although there was no direct correlation between the 
amount of unreacted CO and CO2 produced, there was however a 
precipitous drop in line with the increase in atomic O (O2 uptake) coverage. 
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With reference to the fact that atomic O forms a full coverage of 0.5 ML, 
assuming this to have a relative value of 1 ML according to Figure 4.15; the 
average amount of unreacted CO throughout all the temperatures 90, 130, 
150 and 170 K was 0.35 ML ± 0.07. At the lowest relative atomic O coverage 
of 0.25 ML the average amount of unreacted CO throughout all the 
temperatures was 0.64 ML ± 0.05 and 0.55 ML ± 0.01 at the intermediate 
relative atomic O coverage of 0.5 ML.  
 
 
Fig. 4.16. The TPD spectra for unreacted CO from the clean Cu(110) and atomic O pre-
covered Cu(110) surface at 0.125, 0.25, and 0.5 ML for oxidation reaction at (a) 90 K. (b) 
130 K, (c) 150 K and (d) 170 K, with a heating rate dT/dt = 2.7 Ks
-1
 
 
As stated in the introduction (Section 4.1.3) at low coverages (θ ≤ 0.2), CO 
adsorbs to the atop site with a normal orientation, isolated from nearest 
neighbours by adsorbate-adsorbate repulsion98.  With increased coverages 
the molecules were found to aggregate and form chains of at least four CO 
molecules along the [11̅0] azimuth with a staggered arrangement99. At this 
coverage the central CO molecules were found to be slightly tilted in the 
[001]  direction, with the end molecules tilting 16° towards the empty 
adjacent sites. These slight changes in the lateral arrangements of the CO 
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molecules with increasing coverage were found to have an effect on the 
thermal desorption spectra. At these intermediate 
coverages (0.2 ≤ θ < 0.5 ML), the CO was found to desorb from the Cu(110) 
surface with a peak maximum of 210 K, shifting to a slightly lower 
temperature with increasing coverage (0.5 < θ ≤ 0.8 ML) due to repulsive 
adsorbate interactions6,99,101.  
With the addition of atomic O on the surface at 0.125, 0.25 and 0.5 ML, 
the unreacted CO was found to have an increased binding energy; 
0.32 kJmol-1 higher than the binding energy when adsorbed on the clean 
Cu(110) surface; values all calculated from the TPD peak temperatures as 
detailed in the experimental section. Although relatively small, these 
differences are probably due to the mixed domains of the two adsorbates 
with the atomic O separating the CO molecules hence reducing the lateral 
repulsive adsorbate-adsorbate interactions between the CO molecules7. With 
the increasing temperature the atomic O adatoms formed stable –Cu-O- units 
and were found to be relatively unreactive even when the oxidation reaction 
was repeated with further doses of CO. Alternatively, according to Feng et al. 
the chemisorption characteristics of CO on the (2×1)-O surface was found to 
be most stable when adsorbed to Cu adatoms attached to –Cu-O- chains. 
Using first-principles calculations they attributed this extraordinary 
chemisorption behaviour to the lifting of the host Cu adatoms from the 
surface by ~ 1 Å to enhance the bonding and reduce the repulsive interaction 
with the substrate. This structural distortion allowed short-range 
intermolecular dipole-dipole attraction between the molecules120. 
 
4.3.3 Oxidation on the CO pre-covered Cu(110) surface 
CO was initially dosed at coverages of 0.2, 0.4 and 0.8 ML separately on the 
clean Cu(110) surface at temperatures 90, 130, 150, and 170 K. This was 
followed by a saturated coverage of O2 whilst monitoring for the production of 
CO2 (mass 44) during the uptake. To test for any activated production of CO2 
on the surface, the crystal was heated after each uptake monitoring again for 
both CO2 (mass 44) in addition to mass 28 for any un-reacted pre-adsorbed 
CO.  
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Fig 4.17. The percentage conversion of CO at pre-coverages of 0.2, 0.4 and 0.8 ML to CO2 
by spontaneous desorption reacting with a saturated coverage of atomic O. The pre-
coverage uptakes were all carried out separately at 90, 130, 150 and 170 K. 
 
 
 
Fig 4.18. The percentage conversion of CO at pre-coverages of 0.2, 0.4 and 0.8 ML to CO2 
after heating the crystal following a saturated uptake coverage of atomic O. The pre-
coverage uptakes were all carried out separately at 90, 130, 150 and 170 K. 
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Fig. 4.19. The amounts of CO2 produced along with any unreacted CO during the molecular 
uptake of O2 and after heating the crystal with both atomic O and CO on the surface. Each 
experiment was carried out separately at uptake temperatures (a) 90 K. (b) 130 K, (c) 150 K 
and (d) 170 K. A relative coverage of 1 ML was used for each; equating to 0.5 ML for atomic 
O, 0.8 ML for CO and 0.3 ML for CO2.  
 
 
With the previous set of experiments (Section 4.3.2), no CO2 was 
produced spontaneously when O2 was pre-dosed onto the surface followed 
by CO. Any CO2 produced occurred only when activated during the TPD 
experiments. However, with CO pre-dosed on the surface followed by O2, 
spontaneous desorption of CO2 occurred both during the uptake of O2 and 
during the activated TPD experiments. 
Figure 4.17 shows the % conversion of CO to CO2 desorbing during the 
uptake of O2 onto the 0.2, 0.4 and 0.8 ML CO pre-covered surface at the set 
temperatures of 90, 130, 150 and 170 K. Looking at the percent conversion 
at 90 K, as with the previous set of experiments (Section 4.3.2) O2 adsorbed 
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in a similar physisorbed or transition state. This was evident by the fact that 
the majority of CO2 was produced during the TPD experiments (Figure 4.18), 
with only a small conversion occurring during the uptake of O2. A combined 
view of the CO2 produced along with any unreacted CO during the molecular 
uptake of O2 and after heating the crystal with both atomic O and CO on the 
surface is shown in Figure 4.19. 
The 10 % conversion that occurred at the 0.2 ML CO coverage (Figure 
4.17) is clearly due to small amounts of O2 dissociating on impact. Any 
dissociation occurring would certainly be reduced, significantly, with larger 
coverages of CO, due to a lack of vacant Cu sites required for O2 
dissociation. This would probably account for only the 3 and 2 % conversion 
occurring at the higher coverages of 0.4 and 0.8 ML of CO respectively. In 
addition, Briner et al.109 also confirmed the possibility of both weakly bound, 
physisorbed molecular O2, in addition to atomic adsorbed O existing 
simultaneously, albeit at the much lower temperature of 4 K. If this was the 
case at 90 K, then this would possibly account for the small amount of 
oxidation occurring during the O2 uptakes.  
Why oxidation was seen to occur with CO pre-dosed followed by uptakes 
of O2, but not when O2 was pre-adsorbed followed by uptakes of CO is down 
to the state of the atomic O. Any atomic O produced from pre-dosed O2, 
would bind to the surface in a stable adsorption site, and only react with CO 
during the TPD when activated by heat. However, with CO pre-dosed on the 
surface any atomic O produced was able to react instantaneously whilst in a 
transient mobile state or some other high energy state.  
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Fig. 4.20. Spontaneous CO2 desorbing as O2 is dosed on the (a) 0.20 ML, (b) 0.40 ML and 
(c) 0.80 ML CO pre-covered Cu(110) surface at temperatures 90, 130, 150 and 170 K.  
Graph (d) shows the combined initial peak rate for CO2 production as a function of 
temperature at all CO pre-coverages with the saturated 0.80 ML CO coverage displaying a 
lag in the initial reaction time, shown in the expanded view (e). 
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The degree of activated dissociation increased when the temperature was 
increased to 130 K, giving rise to a slightly higher percent conversion of 
spontaneous CO2. Likewise with less oxygen being in the physisorbed state, 
the % conversion of CO2 during the TPD was sequentially reduced 
throughout. Similar patterns were observed when dosing O2 at 150 and 
170 K. At these higher temperatures virtually all of the dosed O2 dissociated 
on impact, reacting and desorbing spontaneously to give high yields of CO2.  
With this being the case there was nonetheless a clear lag time before the 
oxidation reaction accelerated as shown in Figure 4.20 at 150 K, for the 
saturated 0.80 ML CO pre-coverage. Clearly, the CO pre-coverage (or 
alternatively the vacant Cu atom sites), are a major controlling factor of the 
reaction rate, specifically at low temperatures where activated dissociation is 
less likely to happen. To be more specific, on a surface with high or saturated 
CO coverage, it is difficult for the incoming O2 to find an open space for 
dissociative adsorption where clearly neighbouring Cu atoms are required. 
Only after the initial slow desorption of CO2 do vacant sites appear giving rise 
to the abrupt rise in the reaction rate.   
There was a slight drop in the observed CO2 production at 170 K for the 
higher coverages of CO at 0.4 and 0.8 ML. This drop could be attributed to a 
slight loss in the adsorbed CO, due to this uptake temperature (170 K) being 
very close to that of the onset desorption temperature for CO from the clean 
Cu(110) surface. As mentioned earlier this drop will be more pronounced at 
the higher coverage of 0.5 ≤ θ ≤ 0.8 ML due to the CO-CO lateral repulsions 
in the compressed c(5/4  2) overlayer.  At the lower coverage of θ ≤ 0.5 ML, 
the CO-CO lateral repulsions are much lower in the (21) overlayer structure.   
Systematically breaking down these observations in terms of the amounts 
of CO2 produced at each temperature; it is clear that very little CO2 was 
produced at 90 K unless activated during the TPD experiments. This was 
probably due to the O2 being in a physisorbed or transient state.  Additionally, 
no reaction occurred when O2 was dissociated and chemisorbed on the 
Cu(110) surface at 170 K. Reactions only took place during the TPDs of the 
physisorbed complexes (90 ≤ Ts ≤ 130 K) or during activated dissociation at 
higher temperatures (150 ≤ Ts ≤ 170 K). This is significant as it tells us that 
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only transitory mobile atomic oxygen is able to react with chemisorbed CO to 
produce CO2, once the atomic O is chemisorbed the reaction ceases. The 
transition of O2 from the molecular physisorbed state to the atomic 
chemisorbed state requires activation that is obtainable only by way of TPD 
below 140 K. During this activated transition it has a limited period with which 
to react with any chemisorbed CO before entering a chemisorbed state with a 
potential energy well too deep to react with any chemisorbed CO.  
The activated dissociation of O2 by means of the TPD experiments 
produced significant quantities of CO2, as shown in Figures 4.14 and 4.18. 
However, the initial reaction rate was relatively low in comparison to that of 
the CO2 produced during the uptake of O2 on the CO pre-covered surfaces at 
temperatures 130 to 170 K as shown in Figure 4.20. This presents 
compelling evidence that the catalytic reaction of O2 being dosed onto the 
CO pre-covered surface at temperatures 130 ≤ Ts ≤ 170 occurred by the hot 
atom mechanism. This is due to the high exothermicity associated with this 
dissociation process.121 With this being the case on Cu(110) the binding 
energy for atomic O ranges from 1.6 – 2.0 eV, much lower than that of the 
bond energy of 5.1 eV associated with diatomic O2. As a result, from a 
thermodynamic perspective, the dissociative abstraction process would most 
likely occur with the O2 molecule oriented perpendicular to the Cu surface, as 
opposed to parallel. Although the dissociation barrier is slightly higher when 
oriented perpendicular, the sticking probability is higher when oriented 
parallel to the surface which would significantly reduce any abstraction of the 
O adatoms as hot atoms121–123. 
The intrinsic activity of the Cu(110) surface was found drop off 
precipitously with repeated uptakes of CO followed by O2 due to the 
formation of –Cu-O- units inactivating the surface at 170 K as shown in 
Figure 4.21. Only after a brief anneal up to 773 K for a period of 1 min did the 
surface gain a degree of activity due to some of the atomic O diffusing on the 
surface and to a lesser extent into the Cu bulk124,125. Lacunas are normally 
present on the (2 × 1) added row -Cu-O- chains at both terrace edges and in 
the middle of terraces126. Thermal annealing has been found to induce 
surface rearrangement by way of dissociation of the -Cu-O- units, refilling 
these lacunas with the restoration of flat surface terraces. After thermal 
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annealing of the surface up to 773 K followed by cooling to 170 K, the -Cu-O- 
units either reattach to the (2 × 1) added row chains or dissociate, with the 
Cu adatoms inducing lattice terrace growth according to Reaction 4.10.  
 
[𝐶𝑢 − 𝑂](𝑓𝑙𝑢𝑖𝑑) + 𝐶𝑢(𝑠𝑜𝑙𝑖𝑑) ↔ [𝐶𝑢 − 𝐶𝑢](𝑠𝑜𝑙𝑖𝑑) + 𝑂(𝑎𝑑𝑠)                               (4.10) 
 
The release of the atomic O could result in re-abstraction of Cu adatoms or 
recombinative desorption of O2 according to Reaction 4.11.  
 
𝑂(𝑎𝑑𝑠) +  𝑂(𝑎𝑑𝑠) → 𝑂2(𝑔)                                                              (4.11) 
 
This recombinative desorption of O2 in addition to the production and 
restoration of flat surface terraces reactivated the surface for additional 
oxidation reactions. In the absence of annealing the surface remained 
relatively inactive due to the (2 × 1) added row -Cu-O- chains. Although 
annealing created open spaces on the surface, the activity dropped 
continuously due to eventual overcrowding; however, never completely to 
zero over the course of these five experiments. 
 
Fig. 4.21. Turnover frequency (TOF) for oxidation of CO at 170K, with and 
without annealing between each oxidation test. 
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4.4 Conclusions 
We investigated the reactivity of O2 with CO on the Cu(110) surface at low 
temperatures 90 to 170 K. This process of oxidation, by means of the 
coadsorption of CO and O2 on the Cu(110) surface was found to be 
extremely complex. This was due to the strong interaction of atomic O with 
the Cu(110) surface at temperatures ≥ 130 K, in addition to the possible 
transient states existing below this temperature.  
The oxidation process was found to proceed by separate mechanisms 
dependent on temperature and the order that the reactants were pre-
adsorbed on the surface. With O2 pre-adsorbed on the surface followed by 
uptakes of CO, oxidation only occurred at 90 K by induced thermal molecular 
dissociation, gradually dropping off at the higher surface temperatures of 
130 – 170 K. This progressive drop was due to the O2 dissociating and 
forming strong immobile –Cu-O- units. With CO pre-adsorbed on the surface 
followed by adsorption of O2, oxidation occurred spontaneously by the 
Hot-Atom mechanism with a significant yield (above 40 %) of CO2 only above 
130 K. Below this temperature the O2 appeared to adsorb physically in the 
molecular form or transient state and only reacted by induced thermal 
molecular dissociation with the O atoms remaining in a reactive transient 
state by the Eley-Rideal mechanism. 
In addition to the reaction temperature the CO coverage was a major 
factor in terms of slowing down the reaction rate. At 130 K the oxidation 
reaction by the Hot-atom mechanism was unhindered at surface coverages 
of CO ≤ 0.4 ML as shown Figure 4.20. However, at a saturated coverage the 
reaction rate dropped off significantly due to a lack of open space. Only at the 
higher temperature of 150 K does the reaction propagate after the initial lag 
time. Spontaneous oxidation occurs at all coverages at the highest 
temperature of 170 K as discussed due to weakening at the onset 
temperature and facile dissociation of the O2. Partial reactivation of the 
surface was achieved by way of thermal annealing up to 773 K. The restored 
Cu terraces were produced by surface rearrangement of -Cu-O- units 
splitting away from the (2 × 1)-O added row reconstruction and diffusing into 
the lacunas. 
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5 Water on Clean and Oxygen pre-covered Cu(110) 
5.1 Introduction 
Water on metal surfaces has been one of the most studied adsorption 
systems since the establishment of modern surface science some 28 years 
ago9,49. However, there is a degree of uncertainty as to how exactly a study 
conducted under UHV conditions will correlate to those reactions occurring at 
or close to ambient conditions. This uncertainty occurs because under 
ambient conditions the majority of solid surfaces are covered with both 
oxygen and water. The study of water at interfacial surfaces also has 
importance in terms of understanding redox reactions associated with 
electrochemistry, heterogeneous catalysis and corrosion. In electrochemistry 
interfacial studies are important in understanding the characteristics of the 
molecules at the surface of the electrode as they play a key role in the 
electrochemical reactions, as opposed to those of the bulk solution9. 
Similarly, in heterogeneous catalysis, where reactions occur at the surface, 
interfacial studies on water are important to understand  reactions involving 
water as a reactant or product, an example of this is seen in the water-gas-
shift29 where hydrogen is produced (Equation 5.1); 
 
𝐻2𝑂(𝑎𝑑𝑠) + 𝐶𝑂(𝑎𝑑𝑠) → 𝐶𝑂2(𝑔) + 𝐻2(𝑔)                                                                  (5.1) 
 
In this chapter we report results investigating the formation, composition 
and stability of mixed structures formed from both water and oxygen at 
elevated temperatures and pressures. In order to provide the starting point 
for our study, in this section we detail previous work done at both UHV and 
elevated pressures and temperatures, which we have used in order to 
understand our findings. 
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5.1.1 Fundamentals of the H2O & H2O-OH structure on Cu(110) 
surfaces  
The structure of the water network on metal substrates is determined by the 
interplay between the intermolecular and water–substrate interactions, in 
addition to the barriers towards both diffusion and dissociation. In other 
words, it is determined by a combination of the interaction of Hydrogen 
bonded (H-Bonded) water-water (H2O-H2O), water-hydroxyl (H2O-OH), 
hydroxyl-substrate (OH-substrate) and water-substrate (H2O-substrate) 
interactions127. The dimensions and properties of the water network formed, 
be it 1 dimensional (1D), 2D or 3D, (partially) dissociated, intact, wetting 
adsorption or non-wetting, is determined by the lattice parameter, surface 
symmetry and reactivity of the metal8.  
Water will form monomers or clusters when adsorbed on the Cu(110) 
surface at low temperatures (ca. 40 K) due to a lack of thermal energy which 
would otherwise give rise to surface diffusion. Whilst these structures are 
thermodynamically unstable, they are kinetically stable, converting to larger 
clusters with an increase in temperature and coverage. Increasing the 
surface temperature to 80-140 K may give rise to either 1 or 2D ordered 
extended H-bonded structures, depending on the coverage, as the water 
becomes mobile. Because the binding energy of intact H2O on Cu(110) is 
relatively weak and comparable to that of the hydrogen bond itself 
(0.20 - 0.36 eV/ H2O)
128, this gives rise to a delicate balance between the 
bonding to both the adsorbate and substrate. The formation of these 
structures may of course be dependent on the initial coverage of H2O, with 
1D H-bonded networks sometimes forming at low initial coverages and 
2D/3D extended H-bonded networks at higher coverages. Further increases 
in temperature will give rise to direct desorption or partial dissociation of H2O 
to form H2O-OH structures, depending on the background pressure. Whilst 
dissociation is activated, it can be initiated by step edges or pre-adsorbed 
atomic oxygen O, as detailed later. In contrast to the weak adsorption 
energies of pure H2O on the Cu metal surface, significantly higher adsorption 
energies are found for the mixed H2O-OH phases. 
Chapter 5 
108 
 
The formation of H2O-OH wetting layers has been studied on different 
Cu metal surfaces for decades. Only recently, however, have researchers 
established a clear picture of the structures formed at molecular level on any 
well-defined metal surface, including Cu. The wetting properties of Cu have 
attracted significant attention due its borderline nature between being 
hydrophobic and hydrophilic, depending on the surface symmetry of the face 
being studied. In the absence of pre-adsorbed atomic O, Cu(111) remains 
inert to H2O (hydrophobic) at background pressures of 1.333 mbar (1 Torr) 
and surface temperature Ts 200 – 300 K, whilst under similar conditions 
water adsorbed on the Cu(110) surface will dissociate giving rise to H2O-OH 
structures with or without the presence of pre-adsorbed oxygen 10,129. Mixed, 
H2O-OH structures can, however be produced at much lower temperatures 
as a result of electron bombardment damage which will be expanded on later 
in Section 5.1.4. This sensitivity to atomic O or electron exposure has been 
responsible for a number of misleading reports in earlier studies of H2O on 
Cu(110), as will be comprehensively detailed later.  
 
 
5.1.2 Molecular H2O growth on Cu(110) 
According to first-principles electronic structure calculations conducted by 
Ren & Meng 50,130 the most stable position for the H2O monomer to adsorb at 
the Cu surface was found to be on the atop site (0.375 eV), in  a flat-lying 
geometry with its molecular structure deformed very little from that in the 
gaseous phase. Diffusion allowed cluster formation at temperatures as low 
as 20 K, along both the [11̅0] and [001] azimuths. Directional diffusion along 
the [11̅0] azimuth was found to be much more favourable due to its lower 
diffusion barrier of 0.12 eV, as opposed to 0.23 eV along the [001] azimuth.  
Recent studies by Kumagai et. al.72,131 on the donor-acceptor interchange 
growth of water on Cu(110) by STM at 12-20 K, confirmed that monomer 
diffusion is favoured along neighbouring Cu atoms of the [11̅0] closed 
packed rows to form dimers, followed by trimers. Alternatively, trimers could 
also be formed by the diffusion of dimers along the [11̅0] azimuth, 
subsequently bonding with monomers on adjacent [11̅0] rows. Two trimer 
Chapter 5 
109 
 
conformations were observed, with one having all three H2O molecules 
bonded at neighbouring atoms along the [11̅0] azimuth (Figure 5.1B(i)) and 
the other being a metastable conformation with two H2O molecules bonded 
atop across the [001] azimuth trough and the third attached to the end as an 
acceptor (Figure 5.1B(ii)). The metastable trimers were found to arise from 
dimers and monomers on adjacent rows and would eventually transform into 
the more stable conformation along the [11̅0] row. This was not by any 
means a static arrangement, as the H-bond orientation of the donor and 
acceptor molecules exchange by means of concerted rotation through 
quantum tunnelling for both dimers and trimers132,133.  
Although cyclic trimers are stable in the gaseous phase, due to 
maximization of H-bonding, this structure was never observed on the 
Cu(110) surface. According to DFT studies conducted by Michaelides134, 
cyclic trimers were found to be stable on the Cu(111) surface (Figure 5.1A). 
Both of the cyclic trimers, where each H2O donates and accepts a single 
H-bond and the trimer conformation where one water molecule donates two 
hydrogen bonds, were found to be commensurate and stable on the Cu(111) 
surface, but not on the Cu(110) surface, as shown in Figure 5.1. This 
difference was primarily due to the fact that the symmetry of the 
closed-packed (111) template is closely matched to that of hexagonal bulk 
ice films. When simulated, it was found to be geometrically unfavourable on 
the (110) template, despite maximizing the H-bonding. This reaffirmed that 
water structures require optimum Cu adsorption sites so that the overall 
stabilization from H2O-H2O and H2O-Cu interactions is maximized.  
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Fig. 5.1. A. Relative energies and structures of three gas phase and adsorbed H2O trimers. 
Adsorption and binding energies on Cu(111) and binding energies are relative to isolated 
gas phase H2O molecules. Adapted from Michaelides, A.
134
 Simulating ice nucleation, one 
molecule at a time, with the ‘DFT microscope Faraday Discuss. 136, 287–297 (2007), with 
permission of The Royal Society of Chemistry. B. (i) The structure of the (11̅0) chain trimer & 
(ii) The optimized structure for the second trimer, in which two water molecules are bonded 
along [001] and another one is attached to the end forming a chainlike structure ([001]-chain 
trimer). Reprinted with permission from Kumagai et al.
131
 Water clusters on Cu(110): Chain 
versus cyclic structures. J. Chem. Phys. 134, 024703 (2011). Copyright [2011], AIP 
Publishing LLC. 
 
 
 
Whilst extended chain growth to form tetramers, pentamers, hexamers, 
etc., could be achieved by STM tip manipulation, it is also possible to 
produce two additional tetramers by means of an electrical pulse applied 
directly to a linear tetramer (Figure 5.2a). One of these isomers is thought to 
have a “Y” shaped structure, with the central molecule acting as a double 
donor single acceptor (Figure 5.2b), which was found to be degenerate in 
energy (0.49 eV/H2O) to that of the chain tetramer structure. The other 
isomer is the cyclic structure (Figure 5.2c), found to be thermodynamically 
more stable by 0.015eV/H2O
131.  
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Fig. 5.2. Water tetramers on the Cu(110) surface; (a) the linear tetramer, where the end 
molecule of single acceptor is most protruded from the surface, (b) the tetrahedral 
configuration with the center molecule acting as a double donor and single acceptor and (c) 
the cyclic configuration. Reprinted with permission from Kumagai et al.
131
 Water clusters on 
Cu(110): Chain versus cyclic structures. J. Chem. Phys. 134, 024703 (2011). Copyright 
[2011], AIP Publishing LLC. 
  
 
 
5.1.3 Adsorption of H2O at surface temperatures (78 ≤ Ts ≤ 140 K) on 
clean Cu(110) at sub-monolayer surface coverage (θ ≤ 0.3 ML)  
The dosing of H2O at sub-monolayer coverage results in the anisotropic 
growth of 1D chains along the [001] azimuth, as reported by Yamada et al.135 
and later by Lee et al.136. These were characterized by STM, where bright 
zigzagged protrusions were observed running along the [001] direction. 
These chains were found to be highly reproducible across the temperature 
range 78 – 140 K. At a coverage > 0.3 ML, across this temperature range 
(78 - 140 K), the chain growth was found to saturate with the chains spaced 
10 Å from each other before subsequently forming a coexisting 2D structure. 
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Hexagonal ice Ih crystals form six-fold hexagonal plates and columns 
where the top and bottom faces are basal planes [0001], and the six 
equivalent side faces are known as the prism faces [101̅0]. One of the 
common features associated with ice nucleation on metal surfaces is that 
they are typically interpreted as being built from cyclic hexagons, analogous 
to the top or bottom basal plane [0001] of ice Ih. Yamada et al.
135 tentatively 
proposed the 1D chains to have a cyclic hexagon (zigzag) chain structure, 
but Carrasco et al.137 recently proposed a more favourable pentagon (zigzag) 
chain structure. This pentagon chain structure, shown in Figure 5.3, was 
found to be more favourable than the hexagonal chain structure due to its 
ability to maximize the H2O-substrate bonding. This structure allows two 
thirds of the H2O molecules to bond in their most favoured site, that being the 
flat geometry atop Cu, whilst still maintaining a strong H-bonded network. 
These findings were based on DFT calculations of different hexagonal and 
pentagonal structures. DFT adsorption energies for the simulated structures 
(Figure 5.4a-d), based on Egas (H2O-H2O) and Eads (H2O-substrate) show that 
the pentagonal chain structures have the highest binding energy. The 
computed IR spectra for the pentagon structure was found to correspond 
more closely to that of the experimental infrared spectra for the 1D water 
chains on Cu(110). In addition, the zigzag alternation in intensity observed by 
STM is replicated for the pentagons but not for hexagons, confirming that 
these chains were built from pentagons. 
This pentagonal structure (Figure 5.4d) consists of 5 H2O molecules, 4 
adsorbed as double donor single acceptors planar and parallel to the surface 
atop the [11̅0] row, and a single double acceptor tilted orthogonal to the 
adjoining 4 molecules situated above the trough8,137,138. The chain structures 
were formed with regular intervals along [11̅0] direction at sub-monolayer 
coverages, indicative of a long range dipole-dipole repulsive interaction, 
inhibiting the formation of denser films. Once the chains were forced to within 
10 – 15 Å of each other with increasing coverage, the stability of the 1D 
chains dropped, giving rise to 2D phase nucleation. This 2D phase eventually 
gave the extended 2D [7 × 8] structure detailed in the following section. 
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Fig. 5.3. Experimental STM images of water on Cu(110). a) STM image taken at 100 K 
showing water chains growing along the [001] direction. b) Expansion of (a) showing partial 
resolution of the water structure within the chain. c) Image showing protrusions residing 
between the Cu rows in the [001] direction. Reprinted from Nature, Vol 8, Carrasco et al.
137
, 
A one-dimensional ice structure built from pentagons Pages 427-431, Copyright (2009), with 
permission from nature publishing group (npg). 
 
 
 
 
Fig. 5.4. Models for 1D water chains on Cu(110). a–d, Equilibrium geometry and simulated 
STM images for a selection of structures identified with DFT for water chains on Cu(110). 
Grey spheres correspond to Cu atoms, red ones to O atoms and small white ones to H 
atoms. The highest H atoms of each structure, which are responsible for the brightest 
features in the simulated STM images, are highlighted in yellow. In the simulated STM 
images, the locations of the water molecules in one surface unit are also shown. The most 
stable structure and the one we claim is observed in experiment is d, the pentagon-based 
structure. Distances are in Å. Reprinted from Nature, Vol 8, Carrasco et al.
137
, A one-
dimensional ice structure built from pentagons Pages 427-431, Copyright (2009), with 
permission from nature publishing group (npg). 
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5.1.4 Adsorption of H2O at surface temperatures (78 ≤ Ts ≤ 140 K) on 
clean and oxygen-covered Cu(110) at surface coverage > 0.5 ML 
Until recently there has been a high degree of uncertainty with regards to the 
proposed structures formed at high coverage and surface temperatures in 
the range 78 ≤ Ts ≤ 140 K. Early studies conducted by Bange et al.139 and 
later Benndorf and Madey140 on Ni(110), reported an H-bonded 𝑐(2 × 2 ) 
bi-layer structure with the H2O molecules intact, arranged with a slight 
asymmetric distortion, as shown in Figure 5.5A. These studies conducted by 
Bange et al.139 were carried out at 100 K on the clean and oxygen 
pre-covered surface using a combination of UPS, TDS and LEED. Similar 
studies conducted by Benndorf and Madey140 were carried out at 80 K using 
a variety of methods including ESDIAD, TDS and LEED.  
Although these H-bonded structures, proposed by both Bange et al. and 
Benndorf and Madey, disputed the earlier reports of a dissociated 𝑐(2 × 2) 
structure reported by Spitzer and Lüth141, recent work by Schiros et al.142 
showed that the 𝑐(2 × 2) structure contained dissociated H2O. This 
dissociated 𝑐(2 × 2) structure was formed as a result of electron beam 
damage from LEED, inducing dissociation of the H2O molecules. This also 
confirmed that the reported H-bonded 𝑐(2 × 2) bi-layer structure was a 
misinterpretation of the dissociated 𝑐(2 × 2), as shown by the hypothetical 
structure in Figure 5.5B. Instead, new work by Foster et al.46,127 showed that 
the 𝑐(2 × 2) structure comprised of a mixture of OH and H2O containing 
Bjerrum defects.  
A Bjerrum defect, which was first put forward by Bjerrum143 in 1952, is a 
lattice fault in the crystalline structure of ice caused by thermal excitation. 
These are either orientation faults, where two neighbouring H2O molecules 
become incorrectly orientated, or ionization faults, where ions occur within 
the crystalline lattice. With the orientation fault sites, two protons may be 
orientated towards each other (D-type defect) or no protons directly between 
two oxygen atoms (L-type defect). With ionization fault sites, the ions H3O
+ or 
OH- occur instead or H2O molecules. Foster et al. calculated that the most 
stable 2D partially dissociated structures in the 𝑐(2 × 2) unit cell all have 
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defective H-bonding networks containing D-type Bjerrum defects, with a 
H2O:OH ratio of 2:1. 
 
At 140 K, Schiros et al.142 found that H2O actually adsorbs on the 
clean Cu(110) surface to form a complex structure having a (7 × 8) unit cell. 
This could only be observed with the use of a microchannel plate (MCP) 
LEED, which minimised the electron exposure and damage. They found the 
(7 × 8) superstructure diffraction order spots disappeared rapidly after 
electron exposure, giving rise to an intense 𝑐(2 × 2) LEED pattern. They 
confirmed by means of XPS, XAS, and RAIRS, a mixed H-down and H-up 
configuration with approximately a third of the H2O molecules binding H-up. 
They also found that the (7 × 8) LEED pattern showed diffuse spots, 
compared to that of H2O/Pt(111) and H2O/Ru(0001), and also a significant 
background due to diffuse scattering. This suggested that the water structure 
was not pinned into close registry with the Cu(110) surface, but more likely 
consisted of a complex H2O network. The sensitivity of this structure to 
electron induced dissociation is therefore responsible for the 𝑐(2 × 2) phase, 
which is the most commonly observed structure.  
It is important to also add that the partially dissociated 𝑐(2 × 2) 
structure will also form above 150 K by means of thermally induced 
dissociation46,8,142 and also at lower temperatures by reaction with small 
amounts of atomic O139,141,144. This reaction, along with electron beam 
damage during LEED, probably accounted for the inaccuracies observed and 
reported in earlier research. 
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Fig. 5.5. (A) Schematic of the proposed H-bonded 𝑐(2 × 2) bi-layer structure with the H2O 
molecules intact, arranged with an asymmetric distortion (LHS) with the unit cell containing 
four water molecules. Reprinted from Surface Science, Vol 137/Issue1, Bange et al.
139
, The 
surface chemistry of H2O on clean and oxygen-covered Cu(110) Pages 38–64, Copyright 
(1984), with permission from Elsevier. (B) Schematic of the proposed calculated structure of 
the dissociated H-bonded 𝑐(2 × 2) H2O-OH structure (RHS) with a Bjerrum defect circled 
and the rectangle indicating the unit cell employed in the calculation. Reproduced (Adapted) 
from Forster et al.
127
, Water-hydroxyl phases on an open metal surface: breaking the ice 
rules. Chem. Sci. 3, 93–102 (2011) with permission of The Royal Society of Chemistry. 
 
  
 
5.1.5 Adsorption of H2O at surface temperatures (150 ≤ Ts ≤ 270 K) on 
clean and oxygen-covered Cu(110) 
As stated earlier the partially dissociated 𝑐(2 × 2) structure will form above 
150 K by means of thermally induced dissociation or with small amounts of 
atomic O. Dosing with the surface temperature within the range 
185 ≤ Ts ≤ 200 K, gives rise to the formation or two different chain structures 
with a H2O:OH ratio of 1:1. According to Forster et al.
46,127 and Shi et al.129 
these were identified as Pinch (P) and Zigzag (Z) as shown in the STM 
images and calculated structures in Figure 5.6. As discussed previously in 
detail, the LEED pattern provides information on the size, symmetry and 
rotational alignment of the adsorbate unit cell with respect to the substrate 
unit cell. The fact that steaks may be observed in the diffraction pattern is an 
indication that the surface structure is 1D disordered.  
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If a streak in a LEED pattern is observed continuously when changing the 
electron energy this implies either a 1D object on the surface perpendicular 
to the streak or, (at higher coverage) partially disordered 2D structures. 
Arranged in a 2D array, these two P and Z chain structures will have a similar 
structure to that of the partially dissociated H2O:OH 2:1 H-bonded structure, 
which produces a clear 𝑐(2 × 2) LEED pattern. Therefore, in relation to the 
hydroxyl end groups, these P and Z structures will produce either a  (2 × 𝑛) 
or (4 × 𝑛) LEED pattern exhibiting ½ and ¼ order streaks respectively in the 
[001] azimuth. The Z chain structure with a 2aCu repeat assigned to the ½ 
order pattern and the P chain structure with a 4aCu repeat assigned to the ¼ 
order. Streaking in the [001] direction is an indication of long range disorder 
along the [001] azimuth, with ordered chain growth in the [11̅0] direction. 
Although they were never identified as chain structures at the time, previous 
work carried out under identical conditions by Spitzer and Lüth141 also 
showed LEED patterns exhibiting a 𝑐(2 × 2) transforming into a LEED 
pattern with ½ and ¼ order streaks in the [001] azimuth at sub monolayer 
coverages. 
 
 
 
Fig. 5.6. STM and calculated chain structures containing 1H2O:1OH for (a) “Z” (zigzag) chain 
having a 2aCu repeat and (b) “P” (pinch) chain having a 4aCu repeat along the [11̅0] azimuth. 
Adapted from Forster et al.
127
. 
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Dosing H2O in the presence of pre-adsorbed atomic oxygen with the 
surface temperature within the range 225 ≤ Ts ≤ 240 K, gives rise to the 
formation of hydroxyl dimers127. These were observed as bright features by 
STM elongated along the [001] azimuth, no closer than 2aCu along the [11̅0] 
direction. Analogous to atomic O, these dimers exhibited a (2 × 1) LEED 
pattern, but much weaker141,145 with faint streaking in the [001] direction. This 
indicated disorder along [001] with relatively ordered growth in the [11̅0] 
direction. Although these pure hydroxyl dimers have a weak tendency to 
associate into chains, they are usually only found as either isolated OH 
monomers or dimers aligned along the [001] azimuth and no closer than two 
Cu atoms apart in the [11̅0] direction127, giving rise to the (2 × 1) LEED 
pattern shown in Figure 5.7. According to Kumagai et al.146 the monomer has 
an inclined angle (between the axis and the surface normal) of 62°, flipping 
by way of quantum-mechanical tunnelling between the [001] or [001̅] 
directions at a rate of 106 s-1. The dimers have different tilt angles to the 
surface norm; with the H-bond donor at 78.6° and the H-bond acceptor at 
43.4°. This lack of order in the [001] direction gives rise to the streaking 
observed in the LEED patterns. 
 
 
Fig. 5.7. Side and aerial view for adsorbed OH dimers that gives rise to the faint (2 × 1) 
LEED pattern, Brown (Cu substrate), Red (Oxygen) and White (Hydrogen). 
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5.1.6 Summary of the structural transformations with temperature and 
relative bond energies 
Under UHV conditions at temperatures ≤ 150 K, H2O adsorbs molecularly on 
Cu(110), initially forming 1D pentagon chains with a face sharing 
arrangement along the [001] direction, followed by 2D islands at increasing 
H2O coverage. These 2D islands eventually give rise to the (7 × 8) repeat 
unit cell structure detailed earlier, before desorbing intact at 160 K. Contrary 
to what was published earlier, H2O adsorbs intact and will react in the 
presence of atomic oxygen, or dissociate as result of electron beam radiation 
damage, giving rise to the mixed OH/H2O 𝑐(2 × 2) structure detailed earlier.  
In the temperature range 185 ≤ Ts ≤ 240 K, and in the presence of atomic 
oxygen, P and Z chains are formed at sub monolayer coverages below 225 K 
with hydroxyl dimers forming above this temperature, leaving atomic O on the 
surface after recombinative desorption above 280 K.  
Kinetically there is a competition between thermally induced dissociation 
and desorption processes which is dependent on the H-bonding and Cu-O 
bonding between each of the phases. The relative bond energies determine 
the stability of the observed structures, where the stability decreases in the 
following order; Cu-O > Cu-OH >> H2O(donor)-OH(acceptor) > Cu-H2O ≈ 
H2O-H2O > OH(donor)-H2O(acceptor)
47. 
 
 
 
5.1.7 High pressure studies and aims of project 
The main focal point of the research described in this chapter is to gain some 
insight into the bonding mechanism at elevated water pressures and ambient 
temperatures, whilst assessing the stability of the water-hydroxyl species. 
Here we focused on pressures within the range 7.5 x 10-12 - 7.5 x 10-8 Torr 
(1.0 x 10-11 – 5.0 x 10-7 mbar) and temperatures 200 - 300 K. Moreover, there 
is a need to bridge the gap to studies conducted at low temperature under 
UHV conditions, as most chemical processes actually take place under 
ambient conditions. Given that both kinetics and thermodynamics determine 
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the formation and stability of these surface structures, the wetting dynamics 
were assessed by keeping a constant temperature and varying the pressure 
as well as keeping the pressure constant and varying the temperature.  
Yamamoto et al.10 hypothesized that the strong attractive interaction 
between the mixed OH and H2O slowed down the desorption kinetics 
dramatically. This resulted in large quantities of H2O being adsorbed on the 
Cu(110) surface at near-ambient conditions, which in their case was a 
pressure of 1 Torr and a temperature of 295 K. They found that wetting was 
controlled primarily by the presence of OH groups on the surface, acting as 
anchors for water adsorption. An earlier XPS study on the H2O/Cu(110)-
system undertaken by Andersson et al.147 showed that the activation barrier 
towards dissociation was very close to that of the adsorption/desorption 
barrier. On the basis of these calculated values, (0.53 - 0.56 eV for 
dissociation and 0.50 – 0.53 eV for desorption), the equilibrium between 
adsorption/desorption and dissociation is shifted towards dissociation under 
ambient conditions. 
Recent work by Guillemot and Bobrov11 addresses the hitherto ignored 
influence of the surface mobility and chemical state of the hydroxyl species 
on the H2O/Cu(110)-system at elevated pressures. Focussing on the surface 
mobility of the Cu adatoms, they showed by STM that surface transport on 
Cu(110) significantly modified the hydroxyl reactivity. Having produced 
hydroxyls by reacting H2O with pre-adsorbed atomic O above 200 K at 
pressures 5.0 x 10-9 – 1 x 10-8 mbar, they observed nucleation of 2D Cu 
islands. These islands were single atomic layer in thickness and formed 
during abstraction of the (2 × 1) added row Cu-O chains (Figure 5.8) and 
were covered by chemisorbed hydroxyl.  
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Fig. 5.8. Illustration of the formation and transport of Cu–OH complexes on the 
Cu(110)-(2 × 1)-O surface under water adsorption at T = 200 K. (a) Single (2 × 1)-O band 
under water exposure. The STM topographies were recorded consequently at the 0.0048 L 
(left) and 0.024 L (right) adsorption dose. (b) The (2 × 1)-O superstructure under water 
exposure. The two STM topographies were recorded consequently for the 18.9 L (left) and 
27.5 L (right) adsorption dose. The black arrows mark the abstraction events taking place at 
the (2 × 1)-O band borders during the elapsed time. (c) Left: Close-up view on a single Cu 
island (the protrusions in panel b). The image contrast was adjusted to observe fine structure 
of the adsorbate phase. Right: The grids representing the adsorbate phase (black) and the 
Cu lattice (gray). (d) Formation and transport of the [Cu–OH] complexes. Reprinted from The 
Journal of Physical Chemistry C, 115, Guillemot and Bobrov
11
, Formation of a Chemisorbed 
Water-Hydroxyl Phase on Cu(110) Mediated by Surface Transport. Pages 22387–22392, 
Copyright (2011), with permission from American Chemical Society. 
 
According to their findings the fact that these islands nucleated away from 
the abstracted added row Cu-O chains indicated long-range transport of both 
Cu adatoms and OH. Throughout the nucleation process the Cu island was 
covered by the adsorption phase and at no stage were single hydroxyls 
detected on the surface. This suggests that the Cu-O bonds remained intact 
throughout implying the Cu adatoms and hydroxyl species diffused together 
on the surface. 
In conjunction with this, their main finding was that the Cu-OH island 
growth stabilized a chemisorbed H2O-OH phase stable up to RT, as shown in 
Figure 5.9. The research presented in this chapter were conducted to explore 
the findings of Guillemot and Bobrov, since no structures corresponding to 
those proposed in Figure 5.9 have previously been observed at UHV or 
ambient pressures. In addition the H-bonded structures formed by reacting 
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H2O with both high and low O2 coverages needed addressing specifically 
within this temperature range.  
 
These proposed structures (Figure 5.9) are very unusual, as you would 
expect such a structure to be neither kinetically nor thermally stable at these 
temperatures with this structural arrangement. Due to the strong interactions 
between the H2O and OH, wetting layers on Cu(110) tend to be formed from 
a mixture of H2O and OH with the H2O adapting the favoured atop site. 
Although in this proposed structure, the H2O appears to be arranged and 
interacting with the substrate at its most favoured site, that being in a flat 
geometry and atop, it only acts as a single donor and doesn’t accept any 
H-bonds. It is very unusual to have the hydroxyl groups acting as a both 
donor and acceptor in mixed H2O-OH structures except during the formation 
of dimer chain along the [001] direction for trimer, tetramers etc131 at very low 
temperature. 
In previous observed stable H2O-OH structures, the hydroxyl acts as a 
strong H-bond acceptor with the H2O donating both H-bond in order to 
optimize the H2O-OH network. As detailed earlier, hydroxyls in the P and Z 
chains accept a single H-bond from the H2O chains with the structures 
having a 1H2O:1OH ratio, whilst accepting two H-bonds at higher coverages 
in the 𝑐(2 × 2) structure with a 2H2O:1OH ratio exhibiting Bjerrum 
defects46,127. 
Although Kumagai et al.45 produced similar H2O-OH complexes; these 
were produced selectively by manipulating the H2O molecules in a controlled 
manner by the STM probe. In addition, their H2O-OH proposed structure was 
assembled using a single H2O molecule attached to a single OH molecule 
and never assembled into an entire phase. 
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Fig. 5.9. Proposed structure of the water-hydroxyl phase. (a) Left: Schematics of charge 
transfer (the arrows) in the topmost surface layer. Right: Two mirror configurations of the 
water-hydroxyl phase (the left and right panels). The two mirror planes are specified (the 
dashed lines) with configurations of the switching OH–OH dimers and the side-on complex. 
(b,c) Structural model of the water-hydroxyl phase superimposed on STM topographies of 
the domain body (b) and the domain boundary (c). The close-packed rows of the Cu 
substrate are shown by the grid lines. The hydroxyls structures (D1, D2, and N) are 
simplified and emphasized for clarity. Reprinted from The Journal of Physical Chemistry C, 
115, Guillemot and Bobrov
11
, Formation of a Chemisorbed Water-Hydroxyl Phase on 
Cu(110) Mediated by Surface Transport. Pages 22387–22392, Copyright (2011), with 
permission from American Chemical Society. 
 
5.2 Experimental  
A Cu(110) crystal, cut and polished with an accuracy of ~ 0.25°, was used 
throughout the entirety of this study. All experiments were performed in an 
Ultra High Vacuum (UHV) chamber, operated at base pressures 
< 10-10 mbar, elevated only for the high background H2O exposure 
experiments to pressures from < 10-10 up to 5.0  10-7 mbar inclusive. As 
detailed in the experimental section, each stage of the UHV chamber was 
pumped independently by diffusion pumps, all backed by rotary oil pumps, 
running in combination with a liquid nitrogen cooled titanium sublimation 
pump. The polished Cu(110) crystal was cleaned by prolonged Ar+ ion 
sputtering cycles of 15-20 minutes at a drain current of 2 – 5 μA (500 eV) at 
room temperature prior to each experiment. This was performed in order to 
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remove surface contaminants such as carbon, oxygen and sulphur, followed 
by annealing to 823 K. The surface order prior to analysis was assessed by 
LEED to obtain a bright (1 × 1) pattern. The crystal was mounted by the use 
of 0.2 – 0.5 mm Ta-wires on Ta-rods on a rotatable manipulator that could be 
moved horizontally in the x, y-plane and vertically along the z-axis. The 
manipulator was also equipped with an electrical feed-through to enable 
resistive heating and the temperature was monitored by the use of a 
thermocouple mounted to the side of the crystal.  
All Temperature-Programmed Desorption (TPD) and sticking coefficient 
experiments were measured by means of a Quadrupole Mass Spectrometer 
(QMS). The QMS was also used to monitor the purity of the background 
water prior to and during dosing for the high background water exposure 
experiments. A heating rate (dT/dt) of 1 Ks-1 was used throughout for the 
TPD measurements.  
Oxygen (99.5 % high purity supplied by BOC, CAS No: 7782-44-7), water 
(deionised Milli-Q) and deuterium oxide (99.9 % D, Aldrich, CAS 7789-20-0) 
were dosed by means of a two stage collimated effusive beam. The first 
stage was pumped to a base pressure of 2.6  10-6 mbar and the second 
to 3.0  10-9 mbar. The beam was introduced into the chamber at a source 
pressure of 1.0 ± 0.05 mmHg (~1.33 mbar or 1.00 Torr) through a glass 
nozzle with a 1 mm inner diameter. Exiting the nozzle, the beam entered the 
first stage, and then expanded through a 1 mm aperture prior to entering the 
second stage and finally entering the chamber through a 5 mm collimation 
orifice. The effusive molecular beam is incident on a metal flag that shields it 
from the crystal and could be opened and closed during molecular beam 
dosing.  
Both the Cu(110)-(2 × 1)-O added row and the Cu(110)-c(6 × 2)-O 
reconstructions were obtained following the methods reported by Bobrov & 
Guillemot148 and Gruzalski et al.125,149. For the Cu(110)-(2 × 1)-O added row 
structure, oxygen was dosed at 298 K (RT) to ensure dissociative adsorption, 
followed by annealing to Ts = 493 K for a period of 1 min. The overlayers at 
0.06, 0.32 and 0.50 ML atomic O were calibrated against the saturation 
uptake which resulted in a coverage of 0.50 ML to give the p(2 × 1) structure. 
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The Cu(110)-c(6 × 2)-O reconstruction was obtained by filling the chamber 
with oxygen to give an exposure of 1 L (1.33  10-8 mbar.s) for a period of 
100 seconds at surface temperature Ts = 90 K, followed by a 5 minute anneal 
to TS = 430 K. All of the surface reconstructions were subsequently assessed 
by LEED.  
Water adsorption was carried out initially by exposing the clean Cu(110) 
crystal, the Cu(110)-c(6 × 2)-O reconstruction and the Cu(110)-(2 × 1)-O 
reconstructions to varying background water pressures and temperatures 
independently. This was done in order to obtain ‘LEED phase diagrams’ for 
H2O on Cu(110) as a function of surface temperature Ts and background 
H2O pressure p(H2O). LEED observations were made whilst varying the 
background H2O pressures, starting at 200 K with an initial base chamber 
pressure of < 10-10 mbar, up to 300 K and 1.0  10-7 mbar of H2O. This was 
done initially at fixed temperature intervals of 20 K by varying the pressure, 
then at fixed H2O pressures by increasing the temperature. These 
experiments were performed to assess the ordered structures formed at a 
given water-adsorption temperature as a function of H2O pressure. From this 
data we would be able provide a clearer picture of the H-bonded surface 
structures formed at temperatures and pressures approaching ambient 
conditions. In order to avoid electron beam radiation damage the crystal was 
moved regularly to observe virgin areas of the overlayer structures during 
LEED observation. 
The final set of experiments involved dosing H2O and D2O directly onto the 
aforementioned Cu-O reconstructions. This was done by means of the two 
stage collimated molecular effusive beam, monitoring the uptakes, 
subsequent overlayer structures and reaction products by TPD. This was 
carried out to obtain a quantitative measurement of the extent of dissociation 
taking place by means of TPD experiments. Particular attention was given to 
the hydroxyl intermediates at a given water-oxygen coverage in addition to 
assessing any relative temperature-dependency. D2O was used in place of 
H2O in these experiments to test for the liberation D2. The relative H2O and 
D2O coverages and TPDs were calibrated against those obtained from the 
clean Cu(110) crystal to form a monolayer at 90 ≤ Ts ≤ 140 K.  
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5.3 Results and Discussion 
5.3.1 LEED images & two dimensional LEED phase diagrams elevated 
background H2O on the Cu(110) 
Initially we investigated the interaction of H2O with the Cu(110) substrate by 
varying the background H2O pressures and temperatures independently, 
recording the LEED images observed throughout. These images were then 
used in order to obtain ‘LEED phase diagrams’ for H2O on Cu(110) as a 
function of surface temperature Ts and background H2O pressure p(H2O).  
It should be noted that describing these plots as a “phase diagram” is 
short hand; in fact kinetic factors also influence the formation of different 
structures and will limit what phases can form in some circumstances. This is 
discussed in the relevant places. 
Due to the large number of LEED images required to construct these 
diagrams (Figures 5.15 & 5.16), only a selection of the LEED images 
obtained are presented here (Figures 5.11 – 5.14). A LEED image of the 
Cu(110)-(1 × 1) substrate is provided in Figure 5.10, with schematic 
representations of the corresponding reflections obtained throughout in order 
to simplify these interpretations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5 
127 
 
 
 
Fig. 5.10. LEED image for Cu(110)-(1 × 1) at 72 eV alongside schematic representations for 
(a) (1 × 1), (b) (2 × 1), (c) 𝑐(6 × 2), (d) 𝑐(2 × 2) and (e) (4 × 1) reflections. 
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Fig. 5.11. LEED for H2O adsorption on Cu(110) at 2.0 x 10
-9
 mbar, temperature 200 K, 
showing a weak (2 × 1) or (2 × n) pattern at 73 eV with faint streaking in the [001] azimuth, 
indication disorder along the [001]. This corresponds to discrete H-bonded hydroxyl (OH) 
dimer chain growth along the [11̅0] azimuth as illustrated, Brown (Cu substrate), Red 
(Oxygen) and White (Hydrogen), shown together with the schematic representation for the 
(2 × 1) reflection. LEED for Cu(110)-(1 × 1) at 72 eV. The LEED image for Cu(110)-(1 × 1) 
at 72 eV also shown along with the (1 × 1) reflections. According to Kumagai et al.146 these 
dimers have different tilt angles to the surface norm; with the H-bond donor at 78.6° and the 
H-bond acceptor at 43.4°. The flip tunnelling motion is quenched due to stabilization by 
H-bonding between the dimmers. 
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Fig. 5.12. LEED for H2O adsorption on Cu(110) above 2.0 x 10
-9
 mbar, temperature at 200 K, 
showing a c(2  2) pattern with ½ & faint ¼ order streaking in [001] azimuth at 73 eV, 
corresponding to the partially dissociated H-bonded structure H2O:OH 2:1, co-existing with 
Zig-zag (Z) and Pinch (P) chains growth, as shown along the [11̅0] azimuth, Brown (Cu 
substrate), Red (Oxygen) and White (Hydrogen). Schematic representation for the 𝑐(2 × 2), 
(4 × 1) and the (2 × 1) reflections are shown alongside the c(2  2), Zig-zag (Z) and Pinch 
(P) chains respectively with the LEED image for Cu(110)-(1 × 1) at 72 eV also shown above 
the (1 × 1) reflections.  
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Fig. 5.13. LEED for H2O adsorption on Cu(110) at 1.0 x 10
-7
 mbar, temperature 200 K, 
showing a c(2  2) pattern at 68 eV. This corresponds to the partially dissociated H-bonded 
structure H2O:OH 2:1 as shown with Djerrum defects associated uncoordinated hydroxyl 
groups, Brown (Cu substrate), Red (Oxygen) and White (Hydrogen) together with the 
corresponding schematic representation for the 𝑐(2 × 2) reflections. The LEED image for 
Cu(110)-(1 × 1) at 72 eV is also shown together with the (1 × 1) reflections.  
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Fig. 5.14. LEED for H2O adsorption on Cu(110) at 4.0 x 10
-7
 mbar, temperature 260 K, 
showing a (2  1) and diffuse (4  1)  pattern with streaking in [001] azimuth at 69 eV. The ½ 
order streaks correspond to the Zig-zag (Z) chains & the diffuse ¼ order streaks correspond 
to the Pinch (P) chains growing along the [11̅0] azimuth as illustrated, Brown (Cu substrate), 
Red (Oxygen) and White (Hydrogen). Schematic representation for (2 × 1) and (4 × 1) 
reflections are shown alongside each structure with the LEED for Cu(110)-(1 × 1) at 72 eV 
also shown. A schematic image of the one-dimensional monatomic Cu adatom chain growth 
is also shown with a 5aCu repeat periodicity alongside the corresponding (1 × 5) reflections 
associated with the 1/5 order spots observed in the LEED image. 
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Fig. 5.15. Two dimensional LEED phase diagram for water equilibrium as a function of H2O 
pressure P(H2O) and surface Temperature. The Temperature is kept constant while varying 
(increasing) the pressure P(H2O). With regions; (1 × 1) Cu(110) (orange), 𝑐(2 × 2), (2 × 1) 
and (4 × 1) with ½ & ¼ order streaks in the [001] azimuth - Zigzag (Z), Pinch (P) chains with 
H-bonded 𝑐(2 × 2) (white), dimers (white dotted) and 𝑐(2 × 2) H2O-OH (blue). 
 
 
Fig. 5.16. Two dimensional LEED phase diagram for water equilibrium as a function of 
pressure P(H2O) and surface Temperature. The pressure P(H2O)  is kept constant while 
varying (increasing) the Temperature. With regions; (1 × 1) Cu(110) (orange), (2 × 1) atomic 
O light (brown),𝑐(2 × 2), (2 × 1) and (4 × 1) with ½ & ¼ order streaks in the [001] azimuth - 
Zigzag (Z), Pinch (P) chains with H-bonded 𝑐(2 × 2) (white), dimers (white dotted), and 
𝑐(2 × 2) H2O-OH (blue). 
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Fig. 5.17. LEED for Cu(110)-(2 × 1)-O overlayer streaked pattern at 68 eV with an uptake of 
0.06 ML of atomic O at Ts 298 K followed by annealing to Ta  = 493 K for a period of 1 min. 
Brown (Cu substrate) and Red (Oxygen). Schematic representation for (2 × 1) reflection 
shown below, alongside LEED for Cu(110)-(1 × 1) at 72 eV.  
 
 
 
 
As detailed in the introduction, it is also well documented that the stability 
of the H-bonded H2O-OH complexes shows increasing orders of stability with 
the ratios of H2O:OH being 2:1, 1:1 and 0:1
47. However, the exact 
mechanism for the formation of these H2O-OH complexes on the clean 
Cu(110) at temperatures up to RT and background H2O pressures up to near 
ambient conditions is less well understood. The key parameters that control 
the rate of formation of each of these structures are the activation energy 
(𝐸𝑎
𝑑𝑖𝑠𝑠), associated with the kinetic stability and the free energy (ΔG), 
associated with the thermodynamic stability of the phases. For this reason, 
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we present here an interpretation of H2O/OH structures in two separate 2D 
LEED phase diagrams constructed between the pressure ranges 7.5 x 10-12 - 
7.5 x 10-8 Torr (1.0 x 10-11 – 5.0 x 10-7 mbar) and temperatures 200 - 300 K. 
First the wetting properties were assessed by maintaining a constant 
temperature whilst increasing the background water pressure (Figure 5.15) 
and secondly by keeping the background pressure constant and increasing 
the temperature (Figure 5.16). Note, that the phase diagrams are constructed 
in accordance with keeping the independent variable on the x-axis.   
Before interpretation of the LEED patterns, it is important to set out the 
variety of surface reaction mechanisms that could occur when H2O interacts 
with the Cu(110)-(1 × 1) substrate. A few of these are considered in the 
following reaction schemes listed (Reactions 5.2 – 5.7). 
 
5.3.1.1 Reaction mechanisms 
 
𝐻2𝑂(𝑔) →  𝐻2𝑂(𝑎𝑑𝑠)                                                                        (5.2) 
 
𝐻2𝑂(𝑔) → 𝐻2𝑂(𝑎𝑑𝑠) →  𝐻(𝑎𝑑𝑠) + 𝑂𝐻(𝑎𝑑𝑠)                                                    (5.3) 
 
2𝐻2𝑂(𝑔) → 2𝐻2𝑂(𝑎𝑑𝑠) →  𝐻(𝑎𝑑𝑠) +  𝑂𝐻(𝑎𝑑𝑠) + 𝐻2𝑂(𝑎𝑑𝑠)                                           (5.4) 
 
𝐻2𝑂(𝑔) + 𝑀 → 𝑀 − 𝐻2𝑂(𝑐𝑜𝑚𝑝𝑙𝑒𝑥)
→ 𝑀(𝑥)𝑂(𝑦)  +/𝑜𝑟 𝑀(𝑛)𝑂𝐻(𝑚) +/𝑜𝑟𝑀(𝑟)𝐻(𝑠)                                                   (5.5) 
 
 
Autocatalysis; 
 
𝐻2𝑂(𝑔) + 𝑂(𝑎𝑑𝑠) → 2𝑂𝐻(𝑎𝑑𝑠)  → 2𝐻(𝑎𝑑𝑠) + 2𝑂(𝑎𝑑𝑠)                     (5.6) 
 
              or,      
         
2𝐻2𝑂(𝑔) + 𝑂(𝑎𝑑𝑠) → 𝐻2𝑂(𝑎𝑑𝑠) + 2𝑂𝐻(𝑎𝑑𝑠)                              (5.7) 
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As detailed in the introduction, at low coverage and temperature, H2O 
adsorbs molecularly as monomers, dimers, trimers, etc., on 
the Cu(110)-(1×1) substrate. These molecules have been found to grow into 
extended H-bonded 1D, 2D or 3D intact wetting structures, according to 
Reactions 5.2. At higher temperatures and pressures, the equilibrium 
between molecular adsorption/desorption and thermal dissociation is shifted 
towards dissociation (Reaction 5.3). Assuming partial dissociation occurs, 
this could leave both atomic hydrogen (H) and hydroxyl (OH) on the surface, 
with the possibility of the OH forming H-bonded dimers. Alternatively, 
thermally activated partial dissociative adsorption gives rise to 1D, 2D or 3D, 
(partially) dissociated H-bonded H2O-OH network structures where the OH 
stabilises H2O at higher temperatures. In both cases one would expect 
atomic H to either remain on the surface or recombine and desorb 
molecularly above 200 K.  
According to a study by Lousada et al.150, where DFT was used to assess 
the thermodynamic splitting of H2O on Cu(110), H2 desorbs from the surface 
spontaneously. These DFT calculations were based on experimental results 
conducted at 298 K. This hypothesis of spontaneous H2 desorbing after H2O 
deposition is further supported by an earlier study conducted by Anger et 
al.151. Here high molecular beam energies were used in order to achieve 
dissociative adsorption. Following flash desorption, the desorption spectra 
showed H2 desorbing from the Cu(110) surface across an extensive range, 
starting at temperatures c.a. 250 K and peaking at 325 K.  
Thermally activated dissociation can also be complete, initiating by way of 
Reaction 5.3. Here the H2O dissociates initially into atomic H and OH, with 
the OH then undergoing further dissociation into atomic H and atomic O. 
Again, one would expect the atomic H to either remain on the surface or 
recombine and desorb as molecular H2. From this, the atomic O would then 
give rise to the dissociation of molecular H2O migrating on the surface to set 
the cycle of autocatalysis, as shown in Reactions 5.6 and 5.7. 
A less common reaction, which is much more commonly associated with 
elements outside of the transition groups VIIIB & IB, is the reaction of H2O 
directly with the metal substrate to form stable bulk oxides, hydroxides and/or 
hydrides (Reaction 5.5).  
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These surface reaction mechanisms will be used in order assist in the 
interpretation of the structures presented in the next two sections (5.3.1.2 & 
5.3.1.3). Section 5.3.1.2 details a breakdown of the interpretation of 
structures seen whilst keeping the temperature constant at set intervals 
between 200 and 300 K and increasing the pressure of H2O. Section 5.3.1.3 
details a breakdown of the interpretation of structures seen whilst keeping the 
background H2O pressure constant whilst increasing the temperature. 
 
 
5.3.1.2 Two dimensional LEED phase diagram for constant temperature 
varying (increasing) pressure P(H2O). 
Figure 5.15 shows a summary of all of the LEED images taken whilst 
maintaining a constant temperature at set intervals between 200 and 300 K 
and increasing the pressure. At the initial temperature of 200 K and a base 
pressure of < 10-10 mbar, the Cu(110) surface retains a (1 x 1) LEED pattern 
as expected, as shown in Figure 5.10 and Figure 5.15 (orange region). 
Following the increase of the background water pressure slightly above 
10-9 mbar, the LEED pattern initially transformed into a faint (2 × 1) pattern 
with steaks in the [001] azimuth as shown in Figure 5.11 and Figure 5.15 
(white dotted region). As discussed earlier, when streaking in a LEED pattern 
is continuously observed on changing the electron energy, it corresponds to 
a 1D object at the surface perpendicular to the streak. Just to reiterate, whilst 
pure hydroxyl dimers have a weak tendency to associate into chains, they 
are usually only found either as isolated OH monomers or dimers aligned 
along the [001] azimuth regularly spaced no closer than 2aCu along the [11̅0] 
direction. This gives rise to a (2 × 𝑛) LEED pattern, while the lack of dimer 
order along the [001] direction gives rise to the streaking observed in the 
LEED patterns. As a result we can assign the initial diffuse (2 × 1) LEED 
pattern to the (formation of) hydroxyl dimers (OH) formed by thermal 
activated, partial dissociation of H2O, according to Equation 5.3. Although 
atomic O forms the well known (2 × 1)-O reconstruction on the Cu(110) 
surface, it is very unlikely under these conditions that this faint (2 × 1) pattern 
could be attributed to atomic O alone. A partial coverage of atomic O alone 
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would produce a much stronger (2 × 1) pattern with streaks perpendicular in 
the [11̅0] azimuth as shown in Figure 5.17.  
Following the (2 × 1) streaked LEED pattern the diffraction pattern 
transformed into a mixed streaked 𝑐(2 × 2), (2 × 1) and (4 × 1) as shown in 
Figure 5.12 the moment the pressure was increased to 2.0 x 10-9 mbar. This 
diffraction pattern showed clear ½ & ¼ order streaks again in the [001] 
azimuth (white region on Figure 5.15 & Figure 5.12). The initial dissociation 
of H2O into hydroxyl dimers greatly enhanced the stabilization of H2O at this 
higher pressure forming H2O-OH units eventually transforming into chains 
growing along the [11̅0] with the partially dissociated (H2O:OH 2:1) H-bonded 
structure. Similar observations of chain growth were observed by Lee et al.136 
and Ammon et al.152, at these temperatures. The fact that these chains have 
irregular branches as illustrated in the surface structural image Figure 5.12 
with a 2aCu repeat (periodicity of 5.1 Å) for the Z chain structure and 4aCu 
repeat (periodicity of 10.2 Å) for the P chain structure, this produces ¼ and ½ 
order streaks as seen in the [001] azimuth. It is noticeable that these chains 
coexisted with a partial coverage of the partially dissociated (H2O:OH 2:1) 
H-bonded structure due to the appearance of the diffuse 𝑐(2 × 2) LEED 
image spots. 
To summarize, the transformation from a streaked (2 × 1) diffraction 
pattern into a streaked 𝑐(2 × 2) (2 × 1) and (4 × 1) pattern occurs as a result 
of the dimers stabilizing the migrating H2O molecules (Equation 5.4). This 
causes the production of these two closely related chains, both having a 1:1 
H2O:OH ratio. The streaks are again an indication of long range disorder 
along the [001] direction due to partial coverage with ordered chain growth in 
the [11̅0] direction. The interpretations for these chain structures are also 
based on findings by Forster et al.127 and Shi et al.129, who found similar 
chain structures by STM and concluded both of these to have similar stability 
composed of H2O and OH with a ratio of 1:1. Incidentally, in their research 
these structures were found within a slightly lower temperature range of 185 
to 200 K. This was due to the fact that their research was conducted at UHV 
conditions and not with the background H2O in equilibrium with the surface. 
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As expected clearly the higher pressure pushes the stabilization and 
formation of structures to higher temperatures.  
Both the hydroxyl dimers and the Z chains exhibited diffuse (2 × 𝑛) LEED 
patterns with streaking in the [001] azimuth. However we were able to make 
a distinction between these two structures based on the coexistence of the P 
chains appearing with the Z chains. The two chains structures together 
always produced a mixed (2 × 𝑛) and (4 × 𝑛) LEED patterns with streaking 
in the [001] azimuth.  
Increasing the pressure to 5.0 x 10-8 mbar, the diffuse 𝑐(2 × 2), (2 × 1) 
and (4 × 1) LEED pattern exhibiting ½ & ¼ order streaks transformed into a 
clear 𝑐(2 × 2) LEED pattern (blue region Figure 5.15), which remained up to 
5.0 x 10-7 mbar. Here we recognize this to be the partially dissociated 
H-bonded structure as shown in Figure 5.13. This was formed as a result of 
the increasing H2O pressure transforming the 1D chains into a 2D 2H2O:1OH 
H-bonded structure. Although the structures here were exposed to low 
energy electrons, as stated in the experimental section, observations were 
carried out on virgin areas of the sample to minimize the effects of electron 
radiation damage. Furthermore, it was very unlikely that this (7 × 8) 2D 
H-bonded structure could exist at these temperatures due to thermal 
dissociation at temperatures ≥ 150 K46,8,142,147. 
  The temperature of the crystal was then increased to 220 K and then 
subjected to identical pressure increases to the initial temperature of 200 K. 
With this change in temperature there is a significant change in the 
thermodynamic stability of the structures. Onset of the partially dissociated 
hydroxyl dimers (Fig. 5.11) occurs at a higher pressure of 3.0 x 10-9 mbar as 
opposed to just above 10-9 mbar at 200 K. Formation of the P and Z chains 
coexisting with a partial coverage of the partially dissociated H-bonded 
(H2O:OH 2:1) structure occurred similarly at the higher pressure of 
5 × 10-9 mbar as opposed to 2.0 × 10-9 mbar at 200 K. Clearly with this 
increase in temperature there was a shift in the free energy of formation for 
these P and Z chains along with the H-bonded structure. In addition, at this 
temperature (220 K) it was no longer kinetically stable for the partially 
dissociated (H2O:OH 2:1) H-bonded structure to exist completely at the 
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highest pressure of 5 × 10-7 mbar. Just to reiterate, the stability of 
these H-bonded H2O-OH complexes show an increase in stability with the 
ratios 2:1, 1:1 and 0:1 (H2O:OH). As a result, the partially dissociated 
H-bonded 𝑐(2 × 2) structure is not as stable at temperatures ≥ 220 K. This 
however does not mean the partially dissociated (H2O:OH 2:1) H-bonded 
structure would not be kinetically stable at higher H2O pressures. Although 
the partially dissociated H-bonded 𝑐(2 × 2) structure has a higher H-bond 
coordination than the P and Z chain structures (ca. 3 as opposed to 2), 
formation of this structure gives rise to a loss of the favoured bridge 
adsorption sites for OH as shown in Figures 5.5 and 5.6. As a result of this 
the structure has a lower binding energy127. 
Increasing the temperature to 240 K and subjecting the crystal surface to 
the same pressure increase as before produced yet again a shift in the onset 
to a slightly higher pressure. At this temperature the onset of partial 
dissociation for the hydroxyl dimers OH occurred at the higher pressure, 
1.7 x 10-8 mbar followed by a combination of P and Z chains forming without 
the partially dissociated (H2O:OH 2:1) H-bonded structure at the higher 
pressure of 2.8 x 10-8 mbar as shown Figure 5.14.  
The shift in the onset persisted at 260 K, with the dimers forming at a 
higher pressure of 1.6 x 10-7 mbar, followed by the formation of both chain 
structures at 2.6 x 10-7 mbar.  As shown in Figure 5.14 the distinction was 
made based on the diffuse (4 × 1) streaks, labelled as diffuse ¼ order 
streaking, which corresponded to the P chains. Without these ¼ order 
streaks, the (2 × 1) LEED patterns corresponding to the dimers and the Z 
chains would be indistinguishable. It is also noticeable that there is minor 
splitting of the streaks, which could be attributed to the formation of chains 
simultaneously at the step edges and terraces. This was particularly 
noticeable in STM images taken by Shi et al.129 where extensive restructuring 
of the surface was observed accompanied by chain growth. There are 
numerous studies that clearly show that the Cu(110) substrate has a direct 
influence on the structure and dissociation of H2O giving rise to a variety of 
partially dissociated H-bonded structures. However, there is very little to 
suggest that these structures can induce restructuring of the Cu(110) 
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surface. Within a similar temperature range of 180 to 220 K, Shi et al. 
observed the formation of 1D monatomic Cu chains running along the [11̅0] 
azimuth when the surface was covered with similar P and Z chain structures. 
These 1D monatomic Cu chains (or wires) were not observed however when 
the Cu(110) crystal was heated under UHV conditions in the absence of H2O, 
nor when molecular H2O alone was present. This indicates that atomic Cu 
wires form as a result of the interaction with these two partially dissociated P 
and Z chain structures. It was particularly noticeable that the formation of 
these wires paralleled with the dissociation of H2O into H and OH and 
decreased with H2O desorption. 
As stated the formation of these mixed chain structures produced a mixed 
(2 × 1)/(4 × 1) LEED pattern with streaks in the [001] azimuth corresponding 
to the 2aCu repeat periodicity for the Z chain structure and 4aCu repeat 
periodicity for the P chain structure. As a result of this it was very difficult to 
obtain a strong LEED pattern directly associated with the formation of the 
monoatomic chains. This was mainly due to the streaking associated with the 
chain’s long range disorder along the [001] azimuth. It is noticeable in Figure 
5.14 that there are a few diffuse 1/5 order spots which are probably 
associated with the monatomic Cu adatoms chains in the (1 × 5) 
configuration. According to Shi et al. the monatomic wires were observed by 
STM at both 5aCu and 2aCu repeat periodicities whereby one would expect to 
observe LEED patterns of (1 × 5) and (1 × 2) respectively. Shi et al. 
observed a maximum Cu chain growth at around 200 K, which subsequently 
decreased above 220 K. These findings parallel with our observations for the 
P and Z chain structures, as no structures were observed when the tests 
were performed at temperatures above 260 K.  
All of the tests conducted at the higher temperatures of 280 and 300 K 
showed no evidence of any dissociative reactions with the surface 
maintaining a (1 × 1) LEED pattern throughout as shown in Figure 5.10. 
Clearly at these temperatures and pressures it is both kinetically and 
thermodynamically unfavourable for the formation of any of the H-bonded 
structures, which also prevents H2O dissociation.  
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5.3.1.3 Two dimensional LEED phase diagram for constant pressure 
P(H2O) varying (increasing) temperature. 
Figure 5.16 shows a summary of all the LEED patters taken whilst 
maintaining a constant background H2O pressure and increasing the 
temperature. At a glance it is clear that within the temperature range 200 – 
300 K and pressure range 1.0 × 10-11 – 1.0 x 10-9 mbar, there was no 
observable adsorption or dissociation on the crystal (orange region). 
Although there is an obvious change in the kinetics with each pressure 
increase the collision rate and hence the kinetics remains constant at each 
individual pressure. As a result with no structures forming at the lowest 
temperature (200 K) within these pressure ranges (pressure 
range 1.0 × 10-11 – 1.0 x 10-9 mbar), it is expected that no structures were 
likely to develop with the temperature increased to 300 K. Within these 
pressure and temperature ranges the LEED patterns and structures formed 
were practically identical to those observed whilst keeping the temperature 
constant at set intervals and increasing the pressure (Figure 5.15) in section 
5.3.1.2. 
A visible change in the kinetics occurred with the pressure increased to 
2.0 x 10-9 mbar. Here, thermally activated partial dissociation occurred with 
stabilization of the P and Z chains up to 5.0  10-8 mbar (white region). This 
was evident from the mixed diffuse 𝑐(2 × 2), (2 × 1) and (4 × 1) LEED 
pattern exhibiting ½ & ¼ order streaking in the [001] azimuth, similar to that 
observed in the LEED pattern shown in Figure 5.12. The partially dissociated 
H-bonded structure (H2O:OH 2:1) formed when the pressure was increased 
above 5.0 x 10-8 mbar (blue region) was evident from the formation a 
𝑐(2 × 2) LEED pattern (Figure 5.11).  
As would be expected with an increase in temperature the partially 
dissociated structure converted initially into P and Z chains coexisting with 
the partially dissociated H-bonded structure and then completely into P and Z 
chains (white region). This was due to the increase in temperature 
destabilizing the excess H2O, with a further increase in temperature leaving 
dimers on the surface above 230 K (white dotted region). Increasing the 
temperature with the dimers on the substrate between 3.7 × 10-9 –
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 5.0 × 10-7 mbar, resulted in recombinative desorption of H2O, leaving atomic 
O on the surface (brown region) detailed by Equation 5.8.  
 
𝑂𝐻(𝑎𝑑𝑠)  +  𝑂𝐻(𝑎𝑑𝑠)  → 𝐻2𝑂(𝑎𝑑𝑠)  +  𝑂(𝑎𝑑𝑠)  →  𝐻2𝑂(𝑔)  +  𝑂(𝑎𝑑𝑠)                          (5.8) 
 
This was evident by the LEED pattern changing from a faint (2 × 1) pattern 
as shown in Figure 5.11 with the steaks in the [001] azimuth, to a much 
clearer (2 × 1) with the streaks perpendicular in the [11̅0] azimuth as shown 
in Figure 5.17. 
Comparing the two LEED phase diagrams it is clear that the main 
difference is the formation of atomic oxygen when keeping the background 
H2O pressure constant and increasing the temperature (brown region Figure 
5.16). This occurred as a result of the extent of dissociation occurring initially 
at pressures ˃ 3.7  10-9 mbar and low temperatures. A subsequent increase 
in temperature with dissociated structures on the surface resulted in atomic O 
being left on the surface as the structures destabilize with the loss of H2O. 
This did not occur in the results observed whilst keeping the temperature 
constant and increasing the pressure (Figure 5.15, section 5.3.1.2.) due to 
the initial difference in coverage of the structures.  
Although the strong attractive interaction between the mixed OH and H2O 
dramatically slowed down the desorption kinetics, hence increasing the 
stability of the various water hydroxyl phases, at no point did any of these 
structures appear to be stable at room temperature from the results obtained 
on the clean Cu(110) substrate. Based on the LEED phase diagram 
(Figure 5.16), above 260 K and 5.0  10-7 mbar, only atomic O was present 
on the surface. However, when looking at the region of thermodynamic 
stability for the hydroxyl dimers at pressures in excess of 5.0  10-7 mbar, 
mixed OH and H2O may well be stable up to and beyond room temperature. 
With this being the case, the next section deals with the introduction of 
atomic oxygen prior to any adsorption of H2O. This was done to establish 
whether or not the hydroxyl species produced as a result of the pre-adsorbed 
atomic oxygen reacting with H2O was able to stabilize H2O up to room 
temperature. 
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5.3.2 Oxygen reconstructions & the two-dimensional LEED phase 
diagrams for elevated background H2O on the oxygen 
reconstructions.  
5.3.2.1 Oxygen reconstructions 
Here we give a brief outline of the oxygen reconstructions prepared in the 
way detailed in the experimental section. We have prepared (as detailed) 
reconstructions from the well-known (2 × 1) added-row reconstruction at 
coverage 0.06, 0.32 & 0.5 ML up to a saturated coverage of 0.66 ML for the 
𝑐(6 × 2)-O reconstruction.  
It has been documented that H2O when adsorbed with small amounts of 
pre-adsorbed atomic O will form hydroxyls142. However, according to 
Guillemot and Bobrov11, the hydroxyl species produced by reaction with 
pre-adsorbed atomic O has a different reactivity to that produced by direct 
dissociation of H2O, while its mobility on the substrate surface enables the 
formation of H2O-OH complexes stable up to RT. Hydroxyl species produced 
by direct dissociation apparently do not have the same mobility on the 
surface and there are not able to stabilize H2O-OH complexes stable up to 
RT. Therefore by varying the atomic O pre-coverage prior to reacting with 
H2O, this should provide us with an opportunity to access whether it changes 
the stability of the complexes formed at higher temperatures. Again, this was 
assessed by means of LEED in addition to TPD which provided a desorption 
profile in the range 200 – 300 K.  
As shown in Figures 5.18 to 5.20, oxygen chemisorption on the Cu(110) is 
accompanied by significant restructuring of the surface. This produces the 
well-known (2 × 1) added-row reconstruction (AR) (often referred to as the 
missing-row (MR) reconstruction)153, illustrated schematically in Figure 5.21. 
The streaks observed in the [11̅0] direction for both the 0.32 and 0.06 ML are 
due to the low coverage of atomic O creating less order in the spacing of the 
(2 × 1)-O chains along the [001] azimuth.  
 
 
Chapter 5 
144 
 
 
 
 
Fig. 5.18. LEED for Cu(110)-(2 × 1)-O overlayer pattern at 74 eV from saturated coverage 
0.5 ML at Ts 298 K followed by annealing to Ta  = 493 K for a period of 1 min alongside 
schematic representation for (2 × 1) reflections. 
 
 
 
Fig. 5.19. LEED for Cu(110)-(2 × 1)-O overlayer pattern at 72 eV with an uptake of 0.32 ML 
at Ts 298 K followed by annealing to Ta  = 493 K for a period of 1 min with streaking of ½ 
order spots along the [11̅0] alongside schematic representation for (2 × 1) reflections. 
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Fig. 5.20. LEED for Cu(110)-(2 × 1)-O overlayer pattern at 68 eV with an uptake of 0.06 ML 
at Ts 298 K followed by annealing to Ta  = 493 K for a period of 1 min with excessive 
streaking of ½ order spots along the [11̅0] alongside schematic representation for (2 × 1) 
reflections. 
 
 
 
 
Fig. 5.21. Schematic reconstruction models for Cu(110)-(2 × 1)-O Added/ Missing-row 
model. The light grey circles represent the surface copper atoms, the empty circles the 
atoms beneath the surface and the dark grey the third layer. The small black circles 
represent the oxygen adatoms. 
 
As with the (2 × 1) added-row reconstruction the 𝑐(6 × 2) LEED pattern 
shown in Figure 5.22 is formed by Cu adatoms diffusing from step edges and 
combining with the O adatoms freely diffusing on the surface. However, due 
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to the excess of O adatoms, further migration of Cu adatoms gives rise to the 
formation of a superstructure with an overall three-dimensional structure and 
coverage of 2/3 ML. As illustrated in Figure 5.23, this superstructure contains 
two Cu-O-Cu-O chains for every three [11̅0] lattice spacings as opposed to 
one Cu-O-Cu-O chain for every two [11̅0] lattice spacings with the added-row 
reconstruction154,155. This reconstruction was achieved by exposing the 
crystal to an extremely high background concentration of oxygen 
(1 L ≡ 1.33 × 10-8 mbar.s) for an extended period of 100 s at a surface 
temperature of Ts = 90 K. Uptake at this temperature is molecular, and much 
higher than that at 298 K, and subsequent annealing to TS = 430 K produces 
dissociation and the formation of the 𝑐(6 × 2)-O reconstruction. 
 
 
 
Fig. 5.22. LEED for Cu(110)-𝑐(6 × 2)-O overlayer pattern at 70 eV. Produced with a high 
background concentration of oxygen of 1 L ≡ 1.33  10
-8
 mbar.s for an extended period of 
100 s at surface temperature Ts = 90 K followed by annealing to Ta = 430 K for a period of 
5 min, alongside schematic representation for c(6 × 2) reflections. 
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Fig. 5.23. Schematic reconstruction model for Cu(110)-𝑐(6 × 2)-O, with unit cell. The dark 
grey circles represent the topmost super copper adatoms, the light grey circles the second 
layer copper atoms and the empty circles the third layer. The small black circles represent 
the oxygen adatoms. 
 
 
The following sections details a complete summary, in the form of two 
dimensional LEED phase tables recorded for all of the LEED images taken 
on the atomic O pre-covered surfaces reacting with H2O at elevated 
pressures from < 10-10 up to 5.0  10-7 mbar inclusive. Although 
pre-adsorbed atomic O was found to be reactive with water forming various 
complexes, the reactivity dropped off significantly with increased surface 
coverage.  
Even though the 0.5 ML reconstruction showed significant reactivity 
towards H2O, it was not possible to distinguish the H-bonded complex formed 
clearly due to the extensive surface coverage of atomic O. The LEED 
patterns obtained at this coverage (0.5 ML) from the experiments conducted 
with a constant background H2O pressure ˃ 1.0 × 10
-8 mbar, resulted in 
extensive reconstruction at temperatures ˃ 230 K. This occurred from the 
recombinative desorption of H2O depositing further atomic O on the surface 
which resulted in the formation of a 𝑐(6 × 2) mixed with a (2 × 1) diffraction 
pattern. The saturated 0.66 ML reconstruction was found to be un-reactive 
with H2O at all background pressures up to 5.0 x 10
-7 mbar and temperatures 
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within the range 200 - 300 K. As a result the summary presented here relates 
only to the (2 × 1)-O reconstructions at the 0.06 and 0.32 ML coverage, 
omitting that of the (2 × 1)-O reconstruction at 0.50 ML and c(6 × 2) 
reconstruction at 0.66 ML.  
 
The main difference between the clean Cu(110), summarised in Figures 
5.15 and 5.16, and the atomic O reconstructions shown in the Figures 5.24 
and 5.25, was the increased reactivity with H2O at much lower pressures. 
The clean surface was found to initially form dimers which subsequently 
stabilized more H2O, giving rise to 1:1 H2O:OH chain structures, followed by 
partially dissociated 2:1 H2O:OH H-bonded structures. The surface appeared 
to be more reactive with H2O with atomic O on the surface due to the 
formation of the H-bonded structures at much lower temperatures compared 
to the clean Cu(110) surface.   
 
 
 
Fig. 5.24. The two dimensional LEED phase diagram for water equilibrium as a function of 
H2O pressure P(H2O) and surface temperature. The temperature is kept constant while 
increasing the H2O pressure P(H2O). With regions; 0.06 and 0.32 ML Cu(110)-(2 × 1)-O 
reconstruction (brown), Mixed 𝑐(2 × 2), (2 × 1) and (4 × 1) with ½ & ¼ order streaks in the 
[001] azimuth - Zigzag (Z) & Pinch (P) chains with 𝑐(2 × 2) H-bonded (white), lifted 
(2 × 1)-O producing OH species (orange stripe) and 𝑐(2 × 2) H2O-OH (blue). 
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Fig. 5.25. The two dimensional LEED phase diagram for water equilibrium as a function of 
H2O pressure P(H2O) and surface temperature. The pressure is kept constant while 
increasing the temperature. With regions; 0.06 and 0.32 ML Cu(110)-(2 × 1)-O 
reconstruction (brown), Mixed 𝑐(2 × 2), (2 × 1) and (4 × 1) with ½ & ¼ order streaks in the 
[001] azimuth - Zigzag (Z) & Pinch (P) chains with 𝑐(2 × 2) H-bonded (white), lifted 
(2 × 1)-O, producing OH species (orange stripe) and 𝑐(2 × 2) H2O-OH (blue). 
 
 
 
 
Fig. 5.26. LEED for H2O adsorption on 0.50 ML Cu(110)-(2 × 1)-O reconstruction above 
240 K and 5.2  10
-9
 mbar, showing a mixed c(6  2)/(2  1) pattern at 66 eV corresponding 
to co-existing reconstructions alongside the 𝑐(6 × 2) and (2 × 1) reflections.  
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5.3.2.2 Two dimensional LEED phase diagrams on the 0.06 and 0.32 ML 
Cu(110)-(𝟐 × 𝟏) oxygen reconstructions, constant temperature 
varying (increasing) pressure P(H2O). 
With atomic O at coverages 0.06 and 0.32 ML pre-adsorbed on the Cu(110) 
surface, Figure 5.24 shows a summary of all the LEED patterns recorded 
whilst keeping the temperature constant at set intervals between 200 and 
300 K and increasing the pressure. It is important to note that whilst the 
experiments for both coverages 0.06 and 0.32 ML were actually conducted 
separately, the LEED images obtained were virtually identical. As a result of 
this, a combined summary is presented here in the form a single LEED 
phase diagram.  
With an initial temperature of 200 K, increasing the base pressure 
above 1.0  10-11 mbar produced an immediate reaction with H2O observed 
by the disappearance of the streaked (2 × 1)-O reconstruction. The lifting of 
the reconstruction (Figure 5.24, orange striped region) was observed merely 
as a (1 × 1) LEED pattern analogous to that of the clean Cu(110) surface as 
shown in Figure 5.10. This lifting of the (2 × 1)-O reconstruction, which 
requires a large displacement of Cu adatoms, remained up to 
1.0 × 10-9 mbar. Although no ordered structures were formed on this region 
we attribute this region to the slow formation of hydroxyls. Similar lifting of the 
(2 × 1)-O reconstruction was observed by Ammon et al.152 when studying the 
low-temperature reactivity of D2O on an atomic O pre-covered Cu(110) 
surface, at temperatures ≤ 225 K.  
Guillemot and Bobrov11 looked at the formation and transport of the 
Cu-OH complexes focussing on the previously ignored influence of the 
surface mobility and chemical state of the hydroxyl species at elevated 
pressures. Based on their studies by STM the possible absence of a clear 
LEED structure could be attributed to the long-range transport of both the Cu 
adatoms and OH. The nature of the reaction involved H2O attacking 
preferentially the unsaturated ends on the Cu-O chain in addition to 
abstractions taking place along the [11̅0] direction. The reaction and 
subsequent lifting of the (2 × 1)-O could proceed by two different 
Chapter 5 
151 
 
mechanisms. Either the Cu-O bond dissociated leaving both the Cu adatoms 
and OH species to migrate independently on the surface or the Cu-O 
remains intact producing Cu-OH which in turn migrates similarly. Either way 
the fact that they observed nucleation of two-dimensional Cu islands covered 
by hydroxyl species suggested long transport of these Cu-OH species away 
from the original Cu-O chains. The fact that no clear LEED image was 
observed during this process suggests that the intermediate between 
abstractions of the Cu-O to the formation of the Cu-OH structures at these 
temperatures and pressure ranges has no clear defined structure. 
Similar long transport of both Ni and Cu adatoms was observed by Ruan 
et al.156 for the reaction of H2S with preadsorbed O on both Ni(110) and 
Cu(110) respectively. Here the H2S reacts with the (2 × 1) added row Cu-O 
chains to form H2O, which desorbs at RT leaving chemisorbed S. With 
atomic O removed the resulting Ni and Cu atoms are very unstable, relaxing 
and finally accumulating into (1 × 1) islands with the chemisorbed S.  
Above 1.0  10-9 mbar, a mixed (2 × 1) + diffuse (4 × 1) LEED pattern 
with ½ and faint ¼ order streaking in the [001] azimuth shown in Figure 5.14 
was observed briefly. This was assigned to the P and Z chain structures 
existing alone before converting to a mixed 𝑐(2 × 2), (2 × 1) and (4 × 1) with 
½ and faint ¼ order streaking in the [001] azimuth shown in Figure 5.12. This 
was assigned to the P and Z chain structures coexisting with the partially 
dissociated 𝑐(2 × 2) (H2O:OH 2:1) H-bonded structure. These mixed 
structures remained up to 5.0 x 10-8 mbar, transforming into a clear 𝑐(2 × 2) 
LEED pattern (blue region Figure 5.24) which remained throughout up to 5.0 
x 10-7 mbar. As with the clean Cu(110) surface (Figure 5.15), we recognized 
this to be the partially dissociated H-bonded structure as shown in Figure 
5.13, corresponding to the 2D 2H2O:1OH H-bonded structure.  
The lifting of the reconstruction corresponding to the random hydroxyl 
formation (orange striped region) occurred at the higher pressure of 
5.0  10-11 mbar at 220 K and 4.0  10-10 mbar at 240 K. Likewise the 
formation of the P and Z chain structures coexisting with the partially 
dissociated 𝑐(2 × 2) H-bonded structure occurred at higher pressures due to 
the increased temperatures. At these temperatures it was no longer 
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kinetically stable to form the complete partially dissociated (H2O:OH 2:1) 
H-bonded structure, even at the highest pressures of 5 x 10-7 mbar.  
With the temperature increased to 260 K, only at pressures above 
5 × 10-8 mbar were the P and Z chain structures with a fractional coverage of 
the partially dissociated 𝑐(2 × 2) structure found to be stable. Above this 
temperature none of the H-bonded structures were found to be kinetically 
stable. 
 
 
5.3.2.3 Two dimensional LEED phase diagrams on the 0.06 and 0.32 ML 
Cu(110)-(𝟐 × 𝟏) oxygen reconstructions, constant pressure 
P(H2O) varying (increasing) temperature. 
A summary of the tests conducted with a constant background H2O pressure 
whilst increasing the temperature (Figure 5.25) revealed a very similar picture 
to that observed from a constant temperature with increasing pressure. 
Whilst there did not appear to be any difference in the stability of the 
H-bonded structures produced below 240 K, a different picture emerged 
during the recombinative desorption of the chain structures above this 
temperature at the saturated coverage of 0.5 ML (LEED phase diagram not 
shown). Here the LEED pattern above 240 K, appeared to show a mixed 
𝑐(6 × 2) with a p(2 × 1) LEED pattern. This was due to the recombinative 
desorption of H2O from hydroxyls (produced at lower temperatures) 
according to Reaction 5.8 depositing further atomic O on the surface which 
resulted in the reconstruction shown in Figure 5.26. These observations of 
atomic O being deposited due to the recombinative desorption of H2O were 
very similar to when the tests were conducted on the clean surface (Figure 
5.14). Here atomic oxygen appeared to be deposited on the surface resulting 
in a streaked (2 × 1) LEED pattern.    
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5.3.3 Wetting properties from molecular beam uptake experiments  
This section details the results from a set of experiments where H2O was 
dosed directly onto the atomic O structures by means of a molecular beam 
and the products examined by TPD. TPD plots are presented in Figure 5.27 
for H2O desorbing from the clean Cu(110) surface and in Figures 5.29 to 5.32 
for H2O desorbing from the atomic O pre-covered Cu(110)-(2 × 1)-O 
reconstructions. Figure 5.28 presents the TPD for structures associated with 
H2O adsorbed on an O (0.1 ML) pre-covered surface adapted from Forster et 
al.127. Quantitative breakdowns of the different peaks presented in Figures 
5.29 to 5.32 are displayed in Figures 5.33, 5.34 and 5.35. Particular attention 
was given to a high temperature H2O peak desorbing at 285 K very close to 
that of the dimers desorbing at 269 K, which was not previously observed.  
It important to note that after exposure to H2O the crystal was first cooled 
20 K below the uptake temperature prior to TPD experiments to enable a 
linear ramp for the heating rate. There is a slight but noticeable difference in 
the desorption temperatures associated with the H-bonded structures in 
Figures 5.29 and 5.30. This discrepancy was mainly due to the fact that the 
results were obtained at different times under slightly different conditions due 
to the maintenance of the chamber and associated analytical attachments. 
The quantitative breakdown presented in Figures 5.33, 5.34 and 5.35 are 
based on the average of a series of uptakes and subsequent TPDs with the 
errors limits calculations based on (1.96 × 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝐷𝑒𝑣
√𝑁𝑜 𝑜𝑓 𝑡𝑒𝑠𝑡𝑠
).  
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Fig. 5.27. TPD for H2O desorption from Clean Cu(110) surface (dT/dt) of 1 Ks
-1
 (amount 
slightly in excess of 1 ML), adsorbed at 90 K 
 
 
 
Fig. 5.28. TPD traces for water from an O (0.1 ML) pre-covered surface following adsorption 
of 0.05–0.4 ML water at 140 K. The 185 K peak is assigned to decomposition of the 𝑐(2 × 2) 
2H2O:1OH structure, with peaks at (A) 220 K and (B) 260 K from decomposition of the 
H2O:OH [11̅0] chain and OH dimer structures respectively, as marked with a heating rate of 
1 Ks
-1
. Adapted from Forster et al.
127
, Water-hydroxyl phases on an open metal surface: 
breaking the ice rules. Chem. Sci. 3, 93–102 (2011) with permission of The Royal Society of 
Chemistry. 
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Fig. 5.29. TPD profiles for H2O desorption from Cu(110)-(2 × 1)-O reconstructions (dT/dt) of 
1 Ks
-1
 at 0.06, 0.32 and 0.5 ML, adsorbed at 200 K (backed up 20 K prior to desorption). The 
peaks at (A) 230 K are assigned to the decomposition of the H-bonded 1H2O:1OH chain 
structures, those at (B) 269 K assigned to the Hydroxyl OH dimers and at 285 K to an 
additional high temperature H2O desorption structure. There is a slight discrepancy between 
the desorption peak maxima associated with the H2O-OH chains related to the atomic O 
precoverage at 0.06 ML in comparison to those related to the atomic precoverages at the 
higher values of 0.32 and 0.50 ML. This disparity was mainly due to the fact that the results 
were obtained at different times due to the maintenance of the thermocouple and chamber.  
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Fig. 5.30. TPD profiles for H2O desorption from Cu(110)-(2 × 1)-O reconstructions (dT/dt) of 
1 Ks
-1
 at 0.06, 0.32 and 0.5 ML, adsorbed at 220 K (backed up 20 K prior to desorption). The 
peaks at (A) 230 K are assigned to the decomposition of the H-bonded 1H2O:1OH chain 
structures, those at (B) 269 K assigned to the Hydroxyl OH dimers and at 285 K to an 
additional high temperature H2O desorption structure. 
 
 
 
Fig. 5.31. TPD profiles for H2O desorption from Cu(110)-(2 × 1)-O reconstructions (dT/dt) of 
1 Ks
-1
 at 0.06, 0.32 and 0.5 ML, adsorbed at 240 K (backed up 20 K prior to desorption). The 
peaks at (B) 269 K assigned to the hydroxyl OH dimers and at 285 K to an additional high 
temperature H2O desorption structure. 
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Fig. 5.32. TPD profiles for H2O desorption from Cu(110)-(2 × 1)-O reconstructions (dT/dt) of 
1 Ks
-1
 at 0.06, 0.32 and 0.5 ML, adsorbed at 260 K (backed up 20 K prior to desorption). 
These peaks at 285 K are assigned to the additional high temperature H2O desorption 
structure. 
 
 
 
Fig. 5.33. The comparative integrated breakdown of the amount of H2O associated only with 
the H-bonded 1H2O:1OH chain structures labelled (A) from the TPD peaks shown in Figures 
5.29 to 5.32. The total H2O content was measured relative to a single monolayer of H2O. The 
temperatures 200, 220, 240 and 260 K correspond to the actual uptake temperatures on 
each of the individual Cu(110)-(2 × 1)-O reconstructions at 0.06, 0.32 and 0.50 ML. 
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Fig. 5.34. The comparative integrated breakdown of the amount of H2O associated only with 
the hydroxyl OH dimers labelled (B) from the TPD peaks shown in Figures 5.29 to 5.32. The 
total H2O content was measured relative to a single monolayer of H2O. The temperatures 
200, 220, 240 and 260 K correspond to the actual uptake temperatures on each of the 
individual Cu(110)-(2 × 1)-O reconstructions at 0.06, 0.32 and 0.50 ML. 
 
 
 
Fig. 5.35. The comparative integrated breakdown of the amount of H2O associated only with 
the high temperature structure labelled (BLUE) from the TPD peaks shown in Figures 5.29 to 
5.32. The total H2O content was measured relative to a single monolayer of H2O. The 
temperatures 200, 220, 240 and 260 K correspond to the actual uptake temperatures on 
each of the individual Cu(110)-(2 × 1)-O reconstructions at 0.06, 0.32 and 0.50 ML. 
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Figures 5.29 – 5.32 show the recombinative TPD of H2O from the atomic 
O pre-covered Cu(110)-(2 × 1)-O reconstructions at 0.06, 0.32, and 0.50 ML 
coverages after saturated uptake of H2O. The uptakes and the subsequent 
TPD experiments were also conducted on the clean Cu(110) surface along 
with that of the Cu(110)-𝑐(6 × 2)-O reconstruction. However, desorption 
signals from these proved to be insignificant and within the baseline noise of 
the uptake and TPD spectra. This confirmed the two surfaces to be relatively 
un-reactive towards H2O at these temperatures, under UHV conditions. In 
contrast, the clean Cu(110) was actually found to be reactive when the 
background H2O pressure was raised ˃ 1.0  10
-9 mbar within a temperature 
range of 200 – 300 K as shown in Figures 5.15 and 5.16 section 5.3.1.  
 
 
5.3.4 Discussion  
Initial observation of the TPD data presented in Figures 5.29 and 5.30, where 
the uptakes were carried out at 200 and 220 K respectively, is consistent with 
1H2O:1OH chains and OH dimers forming on the surface, as previously 
reported by Forster et al.127 for the structures associated with water adsorbed 
on an O (0.1 ML) pre-covered surface, Figure 5.28. Since the experiments 
reported here were all conducted at uptake temperatures ˃ 200 K, none of 
the TPD traces (Figures 5.29 – 5.32) show the 2H2O:1OH partially 
dissociated H-bonded 𝑐(2 × 2) structure at 185 K or the intact H2O peak at 
160 K, both of which appear at low atomic O coverage in experiments 
conducted below 200 K. 
In addition to the previously reported TPD features associated with 
1H2O:1OH chains and OH dimers, we have observed a new high 
temperature peak at 285 K associated particularly with low (0.06 ML) atomic 
O pre-coverage. This peak was initially thought to be a simple hydroxyl peak, 
however, it became apparent that it was in fact distinct from the feature 
reported previously, as shown in figures 5.31 and 5.32. Initially, for 
adsorption at 200 and 220 K, this feature appeared only at low atomic O 
coverage, but it becomes increasingly prominent as the temperature is 
increased from 200 to 240 K, as shown in the qualitative breakdown in Figure 
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5.35. The high temperature feature appeared for 0.32 ML atomic O coverage 
at 240 K and for all three atomic O coverages at 260 K. This TPD peak 
appears at a temperature where we expect both the partially dissociated 
H-bonded 𝑐(2 × 2) and the chain structures to be unstable in the absence of 
water vapour. Since it is documented that these structures destabilize in the 
order Cu-H2O < 2H2O-OH < H2O-OH < Cu-OH < Cu-O
47,10,157, it is unclear 
what causes this desorption feature which could originate from either a 
kinetic stabilisation of one of these phases or some different structure, such 
as that reported by Guillemot and Bobrov11 discussed in detail in the 
introduction (Figure 5.9) and later in this discussion. 
We have shown earlier that in the presence of sufficient H2O vapour, low 
quantities of atomic O will react to produce hydroxyls that stabilize H2O at 
temperatures up to 270 K, i.e. the P and Z chain structures and partially 
dissociated H-bonded 𝑐(2 × 2) structure. It therefore seems likely that this 
high temperature peak is associated with a new hydroxyl or water-hydroxyl 
phase that is stabilised under high temperature adsorption conditions but 
does not form at low temperature. Since the high temperature peak appears 
most strikingly at low atomic O pre-coverage, where significant water 
dissociation to create OH and H occurs, one possibility is that co-adsorbed H 
somehow stabilises a different phase. To check this idea the uptake and TPD 
experiments were repeated with D2O to look for D2 formation. However, no 
D2 was observed at all throughout, despite the fact that atomic oxygen was 
left on the surface after TPD experiments, evident from the development of a 
faint streaked (2 × 1)-O LEED pattern that became more prominent after 
several water doses. At temperatures where the new TPD feature appears, 
D2 is expected to slowly recombine and desorb from the surface
150,151, 
indicating that although dissociation is certainly taking place, the D2 signal 
was simply too small, and spread out over too long a time to be detected 
during an adsorption measurement, implying that H/D does not remain on the 
surface to stabilise OH/H2O. 
As discussed in the introduction (Figure 5.9), the structures proposed by 
Guillemot & Bobrov11 are unusual. The structure proposed consists of chains 
of H-bonded OH dimers in the bridge site, spaced by 2ao along the close 
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packed direction, with two water molecules in the bridge position between 
each dimer pair, each having one H-bond to an OH and one other 
uncoordinated H pointing out of the chain. The authors suggest that this 
arrangement is stabilised by the final H donating to another OH that does not 
appear in STM, though OH has been shown to image as a protrusion146. All 
the other mixed H2O-OH phases reported have water adsorbed atop Cu, not 
on a Cu site shared by bridge OH. For example, the 1:1 chain structures 
complete the water H-bond network and have OH in the bridge site and water 
flat atop Cu, optimising the site and orientation of each species, unlike in 
Figure 5.9. As seen earlier, even with the H2O acting as a double H-bond 
donor and the OH acting as a single bond acceptor the structures reported 
earlier46,127,129,136 are not stable up to RT. As a result, it is very unlikely that 
with H2O acting as a single H-bond donor these structures would remain 
stable at temperatures up to and above RT. In the absence of supporting 
DFT calculations and STM simulations it seems unlikely that the structure 
shown in Figure 5.9 can be correct.  
Although the low temperature STM studies that characterised the pure 
water chains, the 𝑐(2 × 2) structure and the 1H2O:1OH chains saw no 
evidence for movement of Cu or Cu ad-atoms in these structures, both 
Guillemot & Bobrov11 and Shi et al.129 have found that Cu movement is 
important at higher temperatures. According to their STM studies at 200 K 
Guillemot & Bobrov11 believed that the hydroxyl OH dimers originally 
produced on the surface were highly mobile Cu–OH complexes. They 
suggested that these complexes condense, inducing nucleation and growth 
of Cu islands on the substrate, releasing the hydroxyl species. Nucleation 
and growth of these nanometer scaled Cu islands significantly enhance the 
surface reactivity towards H2O hence producing additional hydroxyls 
particularly at the island edges. However, those authors interpreted the new 
structure reported in Figure 5.9 in terms of an un-reconstructed Cu surface 
without any ad-atoms involved in this phase. Shi et al.129 also saw Cu 
movement on the surface when heating 1H2O:1OH chain structures to 
temperatures of 200 K. They found that under these conditions the chains 
disappeared from the terraces, decomposing to form (2 × 1)-O islands, while 
Cu chains form from the step edges and decorate surviving P type 
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1H2O:1OH chain structures along [11̅0]. Continuing heating caused these 
chains to grow up to 15 nm long and order along the step edge, giving 
regularly spaced chains separated by 2ao similar to the missing row 
reconstruction. Shi et al.129 found, during their STM experiments that when 
heated above 220 K both the 1H2O:1OH chain structure and the Cu chains to 
disappear. The appearance of the Cu chains parallels the process of 
H2O-OH dissociation, indicating that the two structures are intimately linked 
to each other and that OH and H play a significant role in the formation of the 
Cu wires. Since the amount of (2 × 1)-O islands increases from 180 to 
220 K, when the Cu wires have disappeared, Shi et al.129 concluded that 
reaction with O atoms is not the mechanism driving the formation of the 
wires. Since isolated wires are always flanked by water chains it appears that 
diffusing Cu atoms attach to existing H2O−OH chains, stabilizing these 
structures and guiding their subsequent growth.  
On this basis of Shi et al.’s results we suggest that the stabilization of 
water on the surface to form the high temperature 285 K TPD peak is most 
likely caused by the stabilization of the H2O:OH chain structure by Cu 
adatom chains at step edges. These assumptions would need further 
exploration for better clarification by more experimental data including STM, 
XPS and DFT. 
 
 
5.4 Conclusions 
We have studied the wetting properties, autocatalytic dissociative adsorption 
and the reactivity of the hydroxyl species originating from the co-adsorption 
of water and oxygen on Cu(110) at 200 to 300 K. Experiments were 
conducted by two separate methods; molecular beam uptakes and by 
varying the H2O pressures in conjunction with LEED and TPD.  
Dissociated H-bonded complex structures were observed on both the 
clean and oxygen pre-covered reconstructions, with low atomic O coverages 
(0.06 – 0.32 ML) providing a more active medium for dissociation by way of 
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hydrogen abstraction. In contrast the oxygen-saturated coverages at 0.50 to 
0.67 ML were found to be relatively un-reactive.  
There was a direct comparison between the growth and formation of the 
dissociated H-bonded complex structures formed by elevated H2O pressure 
experiments to those formed by molecular beam experiments. However with 
the elevated background experiments the H-bonded complexes were found 
to be far more stable at higher temperatures due to the kinetic effects of the 
increased background H2O pressure. This was evident from the partially 
dissociated H-bonded 𝑐(2 × 2) structure produced at elevated pressures, not 
present in the molecular uptake decomposition traces. With this being the 
case, kinetically there is still a clear competition on the clean Cu(110) surface 
between the thermally induced dissociation and desorption processes. This 
competition is dependent on the H-bonding and Cu-O bonding between each 
of the phases. Whilst there were no H-bonded complexes or hydroxyls 
observed at RT, even at the highest background H2O pressures, it is clear 
that the hydroxyl groups are responsible for the stabilization of H2O 
molecules with the stability of the observed structures changing in the 
following order: Cu-O > Cu-OH >> H2O(H-bond donor)-OH(H-bond acceptor) 
> Cu-H2O ≈ H2O-H2O > OH(H-bond donor)-H2O(H-bond acceptor)
47,10,157.  
Extensive surface restructuring was observed on both the clean and 
0.5 ML covered Cu(110) giving rise to a (2 × 1)-O and a mixed 
𝑐(6 × 2)/(2 × 1)-O reconstruction respectively at pressures above 
1.0 × 10-8 mbar and temperatures in excess of 250 K. Having observed and 
verified this by the LEED phase tables, a re-examination of these trends may 
suggest that the observed H-bonded structures reported by Guillemot & 
Bobrov11 could have occurred under slightly different conditions i.e. slightly 
lower temperatures. Looking at summary of the LEED data, it may have been 
possible that the co-existing H-bonded structures i.e. the Zig-zag (Z) and 
Pinch (P) chains co-existing with hydroxyl observed just below 280 K, 
contributed to their observations. 
We have shown it is thermodynamically more favourable for water to 
undergo partial dissociation forming strong H2O(H-bond donor)-OH(H-bond 
acceptor) structures, than to remain molecularly intact127,158. In addition, 
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these reactions are initiated by the activation barrier for dissociation being 
lower at atomically rough areas such as steps, terraces, and grain 
boundaries on the surface. Additionally, whilst the presence of small amounts 
of atomic oxygen can have profound influence on the surface reactivity, 
forming H2O/OH structures up 260 K, at high saturation atomic O coverages 
the surface was found to be un-reactive. Most of the H-bonded structures 
were found to desorb recombinatively, depositing only atomic oxygen at RT, 
with relatively no detectable liberation of deuterium.  
We have also found an additional structure desorbing at 285 K very close 
to that of the hydroxyl complexes which has not been observed in any 
previous work conducted under similar conditions. This would suggest 
stabilisation of H2O at high temperatures with a possible association to the 
structures observed by Guillemot & Bobrov11. With this being the case we 
have not been able to establish an exact structure for this H-bonded 
complex.  
Alternatively, as mentioned in section 5.3.2.2, the reaction and lifting of the 
(2 × 1)-O could proceed by two separate mechanisms. That is where the 
Cu-O dissociates leaving both Cu adatoms and OH species to migrate 
independently on the surface as in Equation 5.9, or the Cu-O remains intact 
producing Cu-OH and OH as in Equation 5.10.  
 
 
[𝐶𝑢 − 𝑂](𝑢𝑛𝑖𝑡𝑠) +  𝐻2𝑂(𝑎𝑑𝑠) →  𝐶𝑢(𝑎𝑑𝑎𝑡𝑜𝑚) +  2𝑂𝐻(𝑓𝑙𝑢𝑖𝑑)                      (5.9) 
 
 
[𝐶𝑢 − 𝑂](𝑢𝑛𝑖𝑡𝑠) +  𝐻2𝑂(𝑎𝑑𝑠) →  𝐶𝑢 − 𝑂𝐻(𝑓𝑙𝑢𝑖𝑑) + 𝑂𝐻(𝑓𝑙𝑢𝑖𝑑)               (5.10) 
 
 
There is a possibility that this high temperature structure could be associated 
specifically to one or other of these mechanisms with autocatalysis according 
to Equations 5.6 and 5.7 also playing a significant role in the process. 
Assuming this was the case this would explain why the structure appeared to 
change in line with the different levels of pre-adsorbed atomic O. The 
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research of G & B focussed mainly on a well ordered 2D H2O-OH structure 
having stability at RT, a structure that has very little correlation to anything 
observed in any previous research conducted at high temperatures. The fact 
that their interpretations were based solely on an STM study and ours on 
both LEED and TPD experiments, both sets need to be carried out under 
identical conditions with all techniques used.  
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Chapter 6 
6 Summary and further work 
This thesis utilizes superior ultra-high vacuum resolving temperature-
programmed desorption (TPD) techniques by way of quadrupole mass 
spectrometry (QMS) together with low energy electron diffraction (LEED) to 
study the wetting and oxidation of CO on transition metals and bimetallic 
surfaces. In this thesis we focussed on the interaction of H2O on Cu(110) and 
the catalytic oxidation of CO on both Cu(110) and the bimetallic surface alloy 
of Au/Pd(111). Physical vapour deposition (PVD) was used in order to 
sublime the Au onto the Pd(111) surface with the Au/Pd(111) surface alloy 
formed by annealing to the required temperature. 
 
 
6.1 Summary 
In summary, we showed that the alloying of Au on the Pd(111) crystal 
surface enhanced the CO catalytic oxidation activity in comparison to that of 
the pure Pd(111) surface. This overall enhancement termed promotion 
occurred as a result of the charge transfer from the Au to the Pd. This charge 
transfer occurred due to the fact that the electrons associated with the Au 
were at a higher Fermi energy (Ef) level than the electrons associated the Pd. 
This resulted in a rise in the Ef away from the Pd d band centre which 
resulted in an overall weakening towards the reactants CO and O. This 
subsequent weakening gave rise to an enhancement in the oxidation activity 
in comparison with the pure Pd(111) crystal.  
This enhancement in the oxidation activity was assessed by comparing 
the CO2 production rate of the clean Pd(111) surface with that of the 
Au/Pd(111) surface alloy. Overall there was a clear increase of 27.0 % in the 
peak CO2 production rate for Au coverages of 0.20 to 0.40 ML in conjunction 
with flash annealing to ~ 700 K. Above a coverage of 0.40 ML the peak CO2 
production began to drop off, with further increases deactivating the surface 
completely.  
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It is fairly clear from our studies that both ensemble and ligand effects 
played a significant role in the enhancement of the oxidation reaction. Where 
the ensemble effects are the arrangement of the active atoms and the ligand 
effects are the electronic modifications or charge transfer associated with 
these active atoms. However with this, it was extremely difficult to deduce 
whether the enhancement was due primarily to the ensembles of Au on Pd or 
to the transfer of electrons between the two metals. This was particularly 
difficult with this system, due to the fact that the alloy formed was 
quasi-random.  
The catalytic oxidation of CO along with kinetic mechanism was 
investigated on the Cu(110) surface between 90 and 170 K. This study was 
carried out initially by pre-dosing O2 on the Cu(110) substrate surface at 
various coverage followed by CO and then reversed with CO pre-dosed 
followed by O2. During each experiment any production of CO2 was 
monitoring during the uptake of the second reactant and then with both 
reactants on the surface by way of a TPD experiment. 
In any heterogeneous catalysis process, the reaction will proceeds by way 
of a sequence of steps, including adsorption, surface diffusion and 
reorganization of the adsorbed intermediates, followed by desorption. The 
most common surface reaction mechanism in heterogeneous catalysis is the 
Langmuir-Hinshelwood mechanism where both of the reactants adsorb, 
migrate on the surface and then collide to form products. Research on the 
catalytic oxidation of CO has always suggested the reaction proceeds by way 
of the Langmuir-Hinshelwood mechanism on most transitions metals 
including Cu. Our research suggests that the reaction is significantly more 
complex on the Cu(110) substrate. The results obtained show that the 
mechanism is dependent on temperature, the order the reactants CO and O2 
are pre-dosed on the Cu(110) substrate and the coverage of the initial 
pre-dosed reactant.  
With O2 pre-dosed on the Cu(110) substrate, no CO2 was observed 
desorbing spontaneously during the subsequent uptake of CO. All of the CO2 
produced occurred only during the subsequent TPD which indicated a 
transient state mechanism similar to that of the Eley-Rideal mechanism. 
Typically the Eley-Rideal mechanism occurs when the gaseous reactant 
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strikes and reacts directly with the adsorbed reactant with the subsequent 
product then desorbing from the surface. However these transient states only 
occurred ≤ 130 K as very little CO2 was produced above this temperature 
due to the pre-adsorbed O2 dissociating and forming stable –Cu-O- units at 
the higher temperatures. 
With CO pre-dosed on the surface followed by O2 a significant amount of 
oxidation occurred spontaneously, specifically ≥ 150 K. Although 
spontaneous oxidation of CO occurred below this temperature, the 
conversion was well below 20 % in comparison to ˃ 40 % above 150 K. Due 
to the spontaneity of this mechanism in conjunction with the high 
exothermicity associated with the dissociation of O2, we attributed this 
mechanism to the hot precursor or hot atom mechanism. At temperatures 
below 130 K with both reactants on the substrate the main bulk in terms of % 
conversion took place by means of thermally induced dissociation during the 
subsequent TPD. This indicated a transient state mechanism similar to that 
of the Eley-Rideal mechanism comparable to when O2 was pre-dosed 
followed by CO at these temperatures. Fractional reactivation of the Cu(110) 
was achieved by flash annealing to 773 K due to surface rearrangement by 
way of dissociation of the -Cu-O- units. This would eventually decline 
however due to eventual overcrowding. 
We have studied the wetting properties, originating from the co-adsorption 
of H2O and O2 on Cu(110) at 200 to 300 K. Experiments were conducted by 
molecular beam uptakes and by varying the background H2O pressures in 
combination with LEED and TPD. We observed dissociated H-bonded 
complex structures on both the clean and low pre-covered atomic O 
reconstructions of 0.06 and 0.32 ML. In contrast the high and saturated 
pre-covered atomic O reconstructions of 0.50 to 0.67 ML were found to be 
relatively un-reactive. We establish that kinetic effects associated with 
increased background H2O pressures produced far more stable H-bonded 
complexes in comparison to the complexes produced by means of the 
molecular beam experiments.  
What determines the adsorbed H2O structures and their stabilities at low 
temperatures are the two fundamental forces at the interfaces; the H2O-Cu 
interaction, which occurs predominantly in the H2O-Cu contact layer and the 
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H-bonding between the H2O molecules. The strength of the H-bonding 
between the H2O molecules may be modified by the presence of the Cu 
substrates. On most metal surfaces, these two interactions turn out to be 
comparable in strength where their competition results in a rich class of 
adsorbed structures especially at sub-monolayer coverages. However, at 
higher temperatures the forces are a lot more complex due to partial 
dissociation and the formation of the OH species. At the highest background 
H2O pressures it was clear that the OH groups were responsible for the 
stabilization of H2O molecules with the stability of the observed structures 
changing in the following order: Cu-O > Cu-OH >> H2O(H-bond donor)-
OH(H-bond acceptor) > Cu-H2O ≈ H2O-H2O > OH(H-bond donor)-H2O(H-
bond acceptor) 
It has been documented that the strong attractive interaction between 
mixed OH and H2O produced at elevated H2O pressures slows down the 
desorption kinetics of H2O dramatically to produce stable H2O-OH structures 
up to RT. With this being the case we have found a new structure formed by 
the reaction of H2O with low coverages of atomic O. The structure became 
increasingly prominent when the uptake temperature was increased from 200 
up to 240 K and remained stable on the surface up to 320 K. Assignment of 
the high temperature structure to a partially dissociated H2O-OH phase is 
supported by previously observed chain structures, although more extensive 
research would be required in order to ascertain a definitive structure. 
Alternatively, it is possible that this high temperature structure could be 
associated specifically to the mechanisms associated with the formation of 
the OH species. That is, where the Cu-O dissociates leaving both Cu 
adatoms and OH species to migrate independently on the surface or the 
Cu-O remains intact producing Cu-OH and OH. 
Extensive restructuring of the Cu surface was observed accompanied by 
partially dissociated chain growth at elevated H2O 
pressures ~ 2.8 × 10-8 mbar and temperatures 240 to 260 K. This was 
evident by the formation of monatomic Cu chains as a result of interaction 
with the partially dissociated P and Z chain structures.  
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6.2 Further work 
There has been an immense growth over the last thirty years in the 
understanding of bimetallic surface chemistry, particularly with the advent of 
UHV surface analytical techniques in addition to the development of efficient 
methods for surface preparation. This has allowed researchers to develop a 
realistic predictive understanding of the surface structures resulting when 
alloying different metals under controlled UHV conditions. As a result there 
has also been a related increase in the study of catalytic reactions on these 
types of surfaces.  
As a precious noble metal, solitary Au has until recently been considered a 
useless catalyst due to its’ inert characteristics. The Au/Pd results presented 
in this thesis should contribute to a better understanding of catalytic reaction. 
We were unable to establish exactly the extent that ensemble and ligand 
effects had on the enhancement of the oxidation reaction. This was 
predominantly due to the fact that the alloy formed was quasi-random. 
However, on carefully prepared bimetallics with well-defined surfaces using 
additional alternative analytical techniques such as STM, RAIRS and LEISS, 
it should be possible to determine the individual effects of each. In particular 
the ensemble effects should be assessed carefully as O2 dissociation on will 
only take place on the more active metal, i.e. the Pd surface atoms as 
opposed to the Au adatoms.  
As a consequent of the insight obtained from the research presented in 
this thesis, we feel this will inspire more researchers to study bimetallic 
surfaces for oxidation of CO particularly at ambient temperatures. This 
research is also significant as it only complements the practice of reserving 
resources for future generations without any harm to the nature and other 
components of it. 
As a cheaper noble metal, Cu has been considered as an alternative for 
the catalytic oxidation of CO in place of the more expensive metals such as 
Pt, Pd and Rh. Based on the results presented in this thesis it may be 
possible to develop new catalytic material at a much lower cost than those 
presently produced.  
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With oxidation occurring rapidly on the Cu surface during the dissociation 
of O2, as a functional catalyst, Cu would be better suited to temperatures 
where the Cu adatom density on the surface is low. This not only prolongs 
the life of the dissociated O but also slows down the formation of the surface 
oxide, which when formed completely deactivates the surface. The ideal 
conditions for low temperature CO oxidation would be 150 to 300 K in a CO 
rich environment in order to prevent oxidation of the Cu substrate during 
dissociation of O2. Alternatively, for high temperature CO oxidation, 
temperatures in excess of 400 K, where the detachment of atomic O from the 
(2 × 1)-O reconstruction occurred. In this thesis we attributed the 
spontaneous oxidation to that of the hot precursor or hot atom mechanism. 
Theoretical calculations are currently ongoing in order to complement this 
assumption. 
While our studies for the interaction of H2O on clean and atomic O 
pre-covered Cu(110) have provided important for H2O structural 
transformations; there were still some unanswered questions worth pursuing. 
We were not able to determine a definitive structure related to the high 
temperature TPD peak at 285 K. The fact that our interpretations were based 
solely on LEED and TPD experiments, further exploration using STM, XPS 
and DFT would be required to clarify a structure. 
The partial dissociation of H2O gave rise to P and Z chains above 220 K 
accompanied by 1D monatomic Cu chains running along the [11̅0] azimuth. 
Although previously observed by Shi et al.,129 a better understanding of these 
chains would be crucial in terms of understanding the significant impact it will 
have on Cu surface reconstruction in the presence on H2O and atomic O. 
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Appendix 
Appendix A: List of Acronyms 
AES  Auger electron spectroscopy 
DFT  Density functional theory 
DOS   Density of state  
EELS   Electron energy loss spectroscopy 
Ef   Fermi level  
E-R   Eley-Rideal  
HA  Hot Atom  
HOMO   Highest occupied molecular orbital 
IR   Infrared 
LEED  Low energy electron diffraction  
L-H  Langmuir-Hinshelwood  
LUMO  Lowest unoccupied molecular orbital 
MCP-LEED  Micro-channel-low energy electron diffraction 
ML  Monolayer 
MO     Molecular orbital 
PM-IRAS  Polarization-modulation IR absorption spectroscopy  
PVD   Physical vapour deposition  
QMS  Quadrupole mass spectrometer  
RAIRS  Reflection-absorption IR spectroscopy  
RCS   Rate-controlling steps 
SEM   Secondary electron multiplier  
TDS  Thermal desorption spectroscopy  
TPD  Temperature-programmed desorption  
TSP  Titanium sublimation pump  
UHV  Ultra high vacuum  
UPS    Ultraviolet photoelectron spectroscopy 
WGSR  Water-gas shift reaction 
XAS   X-ray absorption spectroscopy 
XPS  X-ray photoelectron spectroscopy  
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temperature following the deposition of 7 monolayers of Au on a Pd(111) surface at 300 K. Graph 
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reactants, CO pre-adsorbed on the Cu(110) substrate surface. The catalytic reaction takes place 
by way of the following steps as labelled. (1) The incoming diatomic O2 reacts directly with the 
pre-adsorbed CO without coming into contact with the Cu(110) substrate. (2a) This leads to the 
production of a OOCO-Cu complex which dissociates (2b) leaving atomic O on the Cu(110) 
substrate and bound CO2. (3) The bound CO2 eventually breaks free to give CO2 gas. ....................76 
Fig 4.3. Representation of the Hot-atom-mechanism for the oxidation of CO with one of the 
reactants, CO pre-adsorbed on the Cu(110) substrate surface. The catalytic reaction takes place 
by way of the following steps as labelled. (1) The incoming diatomic O2 dissociate when coming 
into contact with the Cu(110) substrate. (2) This leads to the production of atomic O, one of which 
remains chemically adsorbed (chemisorbed) to the surface, whilst the other is ejected. (3)  The 
ejected oxygen atom with kinetic energy strikes an adsorbed CO molecule, combining to produce 
a complex on the substrate. (4) These complexes give rise to CO2, which eventually breaks free to 
give CO2 gas. .............................................................................................................................................77 
Fig 4.4. Possible adsorption sites on the Cu(110) substrate surface; showing the hollow (HL), long-
bridge (LB), short-bridge (SB) and atop (TP) configurations. ..............................................................79 
Fig 4.5. Schematic proposed linear chain model for the adsorption of CO on Cu(110) showing 
increasing coverage moving from left to right. ......................................................................................80 
Reproduced (Adapted) with permission from Dynamics and structure of chemisorbed CO on 
Cu(110): An electron stimulated desorption ion angular distribution study, J. Vac. Sci. Technol. A 
14(3), May/Jun 1996. Ahner et al. Copyright [1996], American Vacuum Society." .............................80 
Fig. 4.6. Structures of chemisorbed CO on Cu (110). Adsorption sites: T Top site, LB long bridge, 
SB short bridge, J. Mol Model (2009) Volume 15, Issue 9:1079–1083/ Adsorption of CO on Cu (110) 
and (100) surfaces using COSMO-based DFT, Zuo, Huang, Han & Li ; with kind permission from 
Springer Science and Business Media" .................................................................................................81 
Fig 4.7. A series of TPD spectra (mass: 44), after adsorption of increasing amounts of carbon 
dioxide on the clean Cu(110) surface. For the sake of clarity, the baselines of the spectra are 
shifted upwards with increasing exposure, because some of the curves overlap at the leading 
edge. The major tick lines on the temperature scale equate to 10 K intervals. ..................................82 
Adapted from, Ernst et al. Adsorption of carbon dioxide on Cu(110) and on hydrogen and oxygen 
covered Cu(110) surfaces. Phys. Chem. Chem. Phys. 1, 4105–4112 (1999), with permission of the 
PCCP Owner Societies. ............................................................................................................................82 
Fig. 4.8. Schematic energy level diagram for the overall CO oxidation process on Cu(110) ............85 
Fig. 4.9. The uptake of formic acid (blue uptake plot) on the clean Cu(110) surface at 340 K, 
dissociating into atomic H which desorbs recombinately into H2(g) (black desorption plot) 
depositing a formate (HCOOa
-
) layer on the surface. .............................................................................88 
Fig. 4.10. Formate molecules (red-Oxygen, grey-Carbon & white-Hydrogen) bound to Cu(110) 
crystal surface (brown substrate atoms) in a 𝒄(𝟐 × 𝟐) arrangement, equating to a coverage of 
0.5 ML. ........................................................................................................................................................89 
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Fig. 4.11. TPD spectra for formate decomposition from clean Cu(110) at 470 K, showing 
dissociation into H2(g) and CO2(g). .........................................................................................................90 
Fig. 4.12. TPD spectra for CO2 produced along with unreacted CO, after heating the crystal from 
0.25 ML of atomic O and a saturated coverage of CO. The uptake of both of the oxidation reactants 
was carried out at 90 K prior to the TPD. ................................................................................................91 
Fig. 4.13. TPD spectra for a monolayer of CO desorbing from the clean Cu(110) surface with an 
onset at 170 K and peak maximum at 212 K. This full monolayer coverage corresponds to the 
saturated c(5/4  2) structure which has a coverage of 0.8 ML. ...........................................................92 
Fig. 4.14. The percentage conversion of atomic O (at pre-coverage 0.125, 0.25 and full 0.5 ML) to 
CO2 after heating the crystal following a saturated CO uptake. The pre-coverage uptakes were all 
carried out separately at 90, 130, 150 and 170 K....................................................................................92 
Fig. 4.15. The amounts of CO2 produced along with any unreacted CO after heating the crystal with 
both atomic O and CO on the surface, at uptake temperatures of (a) 90 K. (b) 130 K, (c) 150 K and 
(d) 170 K. A relative coverage of 1 ML was used for each; equating to 0.5 ML for atomic O, 0.8 ML 
for CO and 0.3 ML for CO2. These results are based on the average of a series of TPDs with the 
errors based on (1.96 × Stdev ÷ No. of experiments). ...........................................................................93 
Fig. 4.16. The TPD spectra for unreacted CO from the clean Cu(110) and atomic O pre-covered 
Cu(110) surface at 0.125, 0.25, and 0.5 ML for oxidation reaction at (a) 90 K. (b) 130 K, (c) 150 K and 
(d) 170 K, with a heating rate dT/dt = 2.7 Ks
-1
 .........................................................................................96 
Fig 4.17. The percentage conversion of CO at pre-coverages of 0.2, 0.4 and 0.8 ML to CO2 by 
spontaneous desorption reacting with a saturated coverage of atomic O. The pre-coverage 
uptakes were all carried out separately at 90, 130, 150 and 170 K. ......................................................98 
Fig 4.18. The percentage conversion of CO at pre-coverages of 0.2, 0.4 and 0.8 ML to CO2 after 
heating the crystal following a saturated uptake coverage of atomic O. The pre-coverage uptakes 
were all carried out separately at 90, 130, 150 and 170 K. ....................................................................98 
Fig. 4.19. The amounts of CO2 produced along with any unreacted CO during the molecular uptake 
of O2 and after heating the crystal with both atomic O and CO on the surface. Each experiment 
was carried out separately at uptake temperatures (a) 90 K. (b) 130 K, (c) 150 K and (d) 170 K. A 
relative coverage of 1 ML was used for each; equating to 0.5 ML for atomic O, 0.8 ML for CO and 
0.3 ML for CO2. ...........................................................................................................................................99 
Fig. 4.20. Spontaneous CO2 desorbing as O2 is dosed on the (a) 0.20 ML, (b) 0.40 ML and 
(c) 0.80 ML CO pre-covered Cu(110) surface at temperatures 90, 130, 150 and 170 K.  Graph (d) 
shows the combined initial peak rate for CO2 production as a function of temperature at all CO 
pre-coverages with the saturated 0.80 ML CO coverage displaying a lag in the initial reaction time, 
shown in the expanded view (e). ...........................................................................................................101 
Fig. 5.1. A. Relative energies and structures of three gas phase and adsorbed H2O trimers. 
Adsorption and binding energies on Cu(111) and binding energies are relative to isolated gas 
phase H2O molecules. Adapted from Michaelides, A.
134
 Simulating ice nucleation, one molecule at 
a time, with the ‘DFT microscope Faraday Discuss. 136, 287–297 (2007), with permission of The 
Royal Society of Chemistry. B. (i) The structure of the (𝟏?̅?𝟎) chain trimer & (ii) The optimized 
structure for the second trimer, in which two water molecules are bonded along [𝟎𝟎𝟏] and another 
one is attached to the end forming a chainlike structure ([𝟎𝟎𝟏]-chain trimer). Reprinted with 
permission from Kumagai et al.
131
 Water clusters on Cu(110): Chain versus cyclic structures. J. 
Chem. Phys. 134, 024703 (2011). Copyright [2011], AIP Publishing LLC. .........................................110 
Appendix 
192 
 
Fig. 5.2. Water tetramers on the Cu(110) surface; (a) the linear tetramer, where the end molecule of 
single acceptor is most protruded from the surface, (b) the tetrahedral configuration with the 
center molecule acting as a double donor and single acceptor and (c) the cyclic configuration. 
Reprinted with permission from Kumagai et al.
131
 Water clusters on Cu(110): Chain versus cyclic 
structures. J. Chem. Phys. 134, 024703 (2011). Copyright [2011], AIP Publishing LLC. ..................111 
Fig. 5.3. Experimental STM images of water on Cu(110). a) STM image taken at 100 K showing 
water chains growing along the [001] direction. b) Expansion of (a) showing partial resolution of 
the water structure within the chain. c) Image showing protrusions residing between the Cu rows 
in the [001] direction. Reprinted from Nature, Vol 8, Carrasco et al.
137
, A one-dimensional ice 
structure built from pentagons Pages 427-431, Copyright (2009), with permission from nature 
publishing group (npg). ..........................................................................................................................113 
Fig. 5.4. Models for 1D water chains on Cu(110). a–d, Equilibrium geometry and simulated STM 
images for a selection of structures identified with DFT for water chains on Cu(110). Grey spheres 
correspond to Cu atoms, red ones to O atoms and small white ones to H atoms. The highest H 
atoms of each structure, which are responsible for the brightest features in the simulated STM 
images, are highlighted in yellow. In the simulated STM images, the locations of the water 
molecules in one surface unit are also shown. The most stable structure and the one we claim is 
observed in experiment is d, the pentagon-based structure. Distances are in Å. Reprinted from 
Nature, Vol 8, Carrasco et al.
137
, A one-dimensional ice structure built from pentagons Pages 427-
431, Copyright (2009), with permission from nature publishing group (npg). ..................................113 
Fig. 5.5. (A) Schematic of the proposed H-bonded 𝒄(𝟐 × 𝟐) bi-layer structure with the H2O 
molecules intact, arranged with an asymmetric distortion (LHS) with the unit cell containing four 
water molecules. Reprinted from Surface Science, Vol 137/Issue1, Bange et al.
139
, The surface 
chemistry of H2O on clean and oxygen-covered Cu(110) Pages 38–64, Copyright (1984), with 
permission from Elsevier. (B) Schematic of the proposed calculated structure of the dissociated 
H-bonded 𝒄(𝟐 × 𝟐) H2O-OH structure (RHS) with a Bjerrum defect circled and the rectangle 
indicating the unit cell employed in the calculation. Reproduced (Adapted) from Forster et al.
127
, 
Water-hydroxyl phases on an open metal surface: breaking the ice rules. Chem. Sci. 3, 93–102 
(2011) with permission of The Royal Society of Chemistry. ...............................................................116 
Fig. 5.6. STM and calculated chain structures containing 1H2O:1OH for (a) “Z” (zigzag) chain 
having a 2aCu repeat and (b) “P” (pinch) chain having a 4aCu repeat along the [𝟏?̅?𝟎] azimuth. 
Adapted from Forster et al.
127
. ...............................................................................................................117 
Fig. 5.7. Side and aerial view for adsorbed OH dimers that gives rise to the faint (𝟐 × 𝟏) LEED 
pattern, Brown (Cu substrate), Red (Oxygen) and White (Hydrogen)................................................118 
Fig. 5.8. Illustration of the formation and transport of Cu–OH complexes on the Cu(110)-(2 × 1)-O 
surface under water adsorption at T = 200 K. (a) Single (2 × 1)-O band under water exposure. The 
STM topographies were recorded consequently at the 0.0048 L (left) and 0.024 L (right) adsorption 
dose. (b) The (2 × 1)-O superstructure under water exposure. The two STM topographies were 
recorded consequently for the 18.9 L (left) and 27.5 L (right) adsorption dose. The black arrows 
mark the abstraction events taking place at the (2 × 1)-O band borders during the elapsed time. (c) 
Left: Close-up view on a single Cu island (the protrusions in panel b). The image contrast was 
adjusted to observe fine structure of the adsorbate phase. Right: The grids representing the 
adsorbate phase (black) and the Cu lattice (gray). (d) Formation and transport of the [Cu–OH] 
complexes. Reprinted from The Journal of Physical Chemistry C, 115, Guillemot and Bobrov
11
, 
Formation of a Chemisorbed Water-Hydroxyl Phase on Cu(110) Mediated by Surface Transport. 
Pages 22387–22392, Copyright (2011), with permission from American Chemical Society. ..........121 
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Fig. 5.9. Proposed structure of the water-hydroxyl phase. (a) Left: Schematics of charge transfer 
(the arrows) in the topmost surface layer. Right: Two mirror configurations of the water-hydroxyl 
phase (the left and right panels). The two mirror planes are specified (the dashed lines) with 
configurations of the switching OH–OH dimers and the side-on complex. (b,c) Structural model of 
the water-hydroxyl phase superimposed on STM topographies of the domain body (b) and the 
domain boundary (c). The close-packed rows of the Cu substrate are shown by the grid lines. The 
hydroxyls structures (D1, D2, and N) are simplified and emphasized for clarity. Reprinted from The 
Journal of Physical Chemistry C, 115, Guillemot and Bobrov
11
, Formation of a Chemisorbed Water-
Hydroxyl Phase on Cu(110) Mediated by Surface Transport. Pages 22387–22392, Copyright (2011), 
with permission from American Chemical Society. ............................................................................123 
Fig. 5.10. LEED image for Cu(110)-(𝟏 × 𝟏) at 72 eV alongside schematic representations for (a) 
(𝟏 × 𝟏), (b) (𝟐 × 𝟏), (c) 𝒄(𝟔 × 𝟐), (d) 𝒄(𝟐 × 𝟐) and (e) (𝟒 × 𝟏) reflections. ............................................127 
Fig. 5.11. LEED for H2O adsorption on Cu(110) at 2.0 x 10
-9
 mbar, temperature 200 K, showing a 
weak (𝟐 × 𝟏) or (𝟐 × 𝐧) pattern at 73 eV with faint streaking in the [𝟎𝟎𝟏] azimuth, indication 
disorder along the [𝟎𝟎𝟏]. This corresponds to discrete H-bonded hydroxyl (OH) dimer chain 
growth along the [𝟏?̅?𝟎] azimuth as illustrated, Brown (Cu substrate), Red (Oxygen) and White 
(Hydrogen), shown together with the schematic representation for the (𝟐 × 𝟏) reflection. LEED for 
Cu(110)-(𝟏 × 𝟏) at 72 eV. The LEED image for Cu(110)-(𝟏 × 𝟏) at 72 eV also shown along with the 
(𝟏 × 𝟏) reflections. According to Kumagai et al.146 these dimers have different tilt angles to the 
surface norm; with the H-bond donor at 78.6° and the H-bond acceptor at 43.4°. The flip tunnelling 
motion is quenched due to stabilization by H-bonding between the dimmers.................................128 
Fig. 5.12. LEED for H2O adsorption on Cu(110) above 2.0 x 10
-9
 mbar, temperature at 200 K, 
showing a c(2  2) pattern with ½ & faint ¼ order streaking in [001] azimuth at 73 eV, 
corresponding to the partially dissociated H-bonded structure H2O:OH 2:1, co-existing with Zig-
zag (Z) and Pinch (P) chains growth, as shown along the [𝟏?̅?𝟎] azimuth, Brown (Cu substrate), Red 
(Oxygen) and White (Hydrogen). Schematic representation for the 𝒄(𝟐 × 𝟐), (𝟒 × 𝟏) and the (𝟐 × 𝟏) 
reflections are shown alongside the c(2  2), Zig-zag (Z) and Pinch (P) chains respectively with the 
LEED image for Cu(110)-(𝟏 × 𝟏) at 72 eV also shown above the (𝟏 × 𝟏) reflections. .......................129 
Fig. 5.13. LEED for H2O adsorption on Cu(110) at 1.0 x 10
-7
 mbar, temperature 200 K, 
showing a c(2 × 2) pattern at 68 eV. This corresponds to the partially dissociated H-bonded 
structure H2O:OH 2:1 as shown with Djerrum defects associated uncoordinated hydroxyl groups, 
Brown (Cu substrate), Red (Oxygen) and White (Hydrogen) together with the corresponding 
schematic representation for the 𝒄(𝟐 × 𝟐) reflections. The LEED image for Cu(110)-(𝟏 × 𝟏) at 72 eV 
is also shown together with the (𝟏 × 𝟏) reflections. ............................................................................130 
Fig. 5.14. LEED for H2O adsorption on Cu(110) at 4.0 x 10
-7
 mbar, temperature 260 K, 
showing a (2 × 2) and diffuse (4  1)  pattern with streaking in [001] azimuth at 69 eV. The ½ order 
streaks correspond to the Zig-zag (Z) chains & the diffuse ¼ order streaks correspond to the 
Pinch (P) chains growing along the [𝟏?̅?𝟎] azimuth as illustrated, Brown (Cu substrate), Red 
(Oxygen) and White (Hydrogen). Schematic representation for (𝟐 × 𝟏) and (𝟒 × 𝟏) reflections are 
shown alongside each structure with the LEED for Cu(110)-(𝟏 × 𝟏) at 72 eV also shown. A 
schematic image of the one-dimensional monatomic Cu adatom chain growth is also shown with a 
5aCu repeat periodicity alongside the corresponding (𝟏 × 𝟓) reflections associated with the 1/5 
order spots observed in the LEED image. ............................................................................................131 
Fig. 5.15. Two dimensional LEED phase diagram for water equilibrium as a function of H2O 
pressure P(H2O) and surface Temperature. The Temperature is kept constant while varying 
(increasing) the pressure P(H2O). With regions; (𝟏 × 𝟏) Cu(110) (orange), 𝒄(𝟐 × 𝟐), (𝟐 × 𝟏) and 
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(𝟒 × 𝟏) with ½ & ¼ order streaks in the [𝟎𝟎𝟏] azimuth - Zigzag (Z), Pinch (P) chains with H-bonded 
𝒄(𝟐 × 𝟐) (white), dimers (white dotted) and 𝒄(𝟐 × 𝟐) H2O-OH (blue). ..................................................132 
Fig. 5.16. Two dimensional LEED phase diagram for water equilibrium as a function of pressure 
P(H2O) and surface Temperature. The pressure P(H2O)  is kept constant while varying (increasing) 
the Temperature. With regions; (𝟏 × 𝟏) Cu(110) (orange), (𝟐 × 𝟏) atomic O light (brown),𝒄(𝟐 × 𝟐), 
(𝟐 × 𝟏) and (𝟒 × 𝟏) with ½ & ¼ order streaks in the [𝟎𝟎𝟏] azimuth - Zigzag (Z), Pinch (P) chains with 
H-bonded 𝒄(𝟐 × 𝟐) (white), dimers (white dotted), and 𝒄(𝟐 × 𝟐) H2O-OH (blue). ...............................132 
Fig. 5.17. LEED for Cu(110)-(𝟐 × 𝟏)-O overlayer streaked pattern at 68 eV with an uptake of 0.06 ML 
of atomic O at Ts 298 K followed by annealing to Ta  = 493 K for a period of 1 min. 
Brown (Cu substrate) and Red (Oxygen). Schematic representation for (𝟐 × 𝟏) reflection shown 
below, alongside LEED for Cu(110)-(𝟏 × 𝟏) at 72 eV. ..........................................................................133 
Fig. 5.18. LEED for Cu(110)-(𝟐 × 𝟏)-O overlayer pattern at 74 eV from saturated coverage 0.5 ML at 
Ts 298 K followed by annealing to Ta  = 493 K for a period of 1 min alongside schematic 
representation for (𝟐 × 𝟏) reflections. ...................................................................................................144 
Fig. 5.19. LEED for Cu(110)-(𝟐 × 𝟏)-O overlayer pattern at 72 eV with an uptake of 0.32 ML at Ts 298 
K followed by annealing to Ta  = 493 K for a period of 1 min with streaking of ½ order spots along 
the [𝟏?̅?𝟎] alongside schematic representation for (𝟐 × 𝟏) reflections. ..............................................144 
Fig. 5.20. LEED for Cu(110)-(𝟐 × 𝟏)-O overlayer pattern at 68 eV with an uptake of 0.06 ML at Ts 
298 K followed by annealing to Ta  = 493 K for a period of 1 min with excessive streaking of ½ 
order spots along the [𝟏?̅?𝟎] alongside schematic representation for (𝟐 × 𝟏) reflections. ..............145 
Fig. 5.21. Schematic reconstruction models for Cu(110)-(𝟐 × 𝟏)-O Added/ Missing-row model. The 
light grey circles represent the surface copper atoms, the empty circles the atoms beneath the 
surface and the dark grey the third layer. The small black circles represent the oxygen adatoms.
 ..................................................................................................................................................................145 
Fig. 5.22. LEED for Cu(110)-𝒄(𝟔 × 𝟐)-O overlayer pattern at 70 eV. Produced with a high 
background concentration of oxygen of 1 L ≡ 1.33  10
-8
 mbar.s for an extended period of 100 s at 
surface temperature Ts = 90 K followed by annealing to Ta = 430 K for a period of 5 min, alongside 
schematic representation for c(𝟔 × 𝟐) reflections. ..............................................................................146 
Fig. 5.23. Schematic reconstruction model for Cu(110)-𝒄(𝟔 × 𝟐)-O, with unit cell. The dark grey 
circles represent the topmost super copper adatoms, the light grey circles the second layer 
copper atoms and the empty circles the third layer. The small black circles represent the oxygen 
adatoms. ..................................................................................................................................................147 
Fig. 5.24. The two dimensional LEED phase diagram for water equilibrium as a function of H2O 
pressure P(H2O) and surface temperature. The temperature is kept constant while increasing the 
H2O pressure P(H2O). With regions; 0.06 and 0.32 ML Cu(110)-(𝟐 × 𝟏)-O reconstruction (brown), 
Mixed 𝒄(𝟐 × 𝟐), (𝟐 × 𝟏) and (𝟒 × 𝟏) with ½ & ¼ order streaks in the [𝟎𝟎𝟏] azimuth - Zigzag (Z) & 
Pinch (P) chains with 𝒄(𝟐 × 𝟐) H-bonded (white), lifted (𝟐 × 𝟏)-O producing OH species (orange 
stripe) and 𝒄(𝟐 × 𝟐) H2O-OH (blue). .......................................................................................................148 
Fig. 5.25. The two dimensional LEED phase diagram for water equilibrium as a function of H2O 
pressure P(H2O) and surface temperature. The pressure is kept constant while increasing the 
temperature. With regions; 0.06 and 0.32 ML Cu(110)-(𝟐 × 𝟏)-O reconstruction (brown), Mixed 
𝒄(𝟐 × 𝟐), (𝟐 × 𝟏) and (𝟒 × 𝟏) with ½ & ¼ order streaks in the [𝟎𝟎𝟏] azimuth - Zigzag (Z) & Pinch (P) 
chains with 𝒄(𝟐 × 𝟐) H-bonded (white), lifted (𝟐 × 𝟏)-O, producing OH species (orange stripe) and 
𝒄(𝟐 × 𝟐) H2O-OH (blue). ...........................................................................................................................149 
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Fig. 5.26. LEED for H2O adsorption on 0.50 ML Cu(110)-(𝟐 × 𝟏)-O reconstruction above 240 K 
and 5.2  10
-9
 mbar, showing a mixed c(6  2)/(2  1) pattern at 66 eV corresponding to co-existing 
reconstructions alongside the 𝒄(𝟔 × 𝟐) and (𝟐 × 𝟏) reflections. ........................................................149 
Fig. 5.27. TPD for H2O desorption from Clean Cu(110) surface (dT/dt) of 1 Ks
-1
 (amount slightly in 
excess of 1 ML), adsorbed at 90 K ........................................................................................................154 
Fig. 5.28. TPD traces for water from an O (0.1 ML) pre-covered surface following adsorption of 
0.05–0.4 ML water at 140 K. The 185 K peak is assigned to decomposition of the 𝒄(𝟐 × 𝟐) 2H2O:1OH 
structure, with peaks at (A) 220 K and (B) 260 K from decomposition of the H2O:OH [𝟏?̅?𝟎] chain 
and OH dimer structures respectively, as marked with a heating rate of 1 Ks
-1
. Adapted from 
Forster et al.
127
, Water-hydroxyl phases on an open metal surface: breaking the ice rules. Chem. 
Sci. 3, 93–102 (2011) with permission of The Royal Society of Chemistry. ......................................154 
Fig. 5.29. TPD profiles for H2O desorption from Cu(110)-(𝟐 × 𝟏)-O reconstructions (dT/dt) of 1 Ks
-1
 
at 0.06, 0.32 and 0.5 ML, adsorbed at 200 K (backed up 20 K prior to desorption). The peaks at (A) 
230 K are assigned to the decomposition of the H-bonded 1H2O:1OH chain structures, those at (B) 
269 K assigned to the Hydroxyl OH dimers and at 285 K to an additional high temperature H2O 
desorption structure. There is a slight discrepancy between the desorption peak maxima 
associated with the H2O-OH chains related to the atomic O precoverage at 0.06 ML in comparison 
to those related to the atomic precoverages at the higher values of 0.32 and 0.50 ML. This 
disparity was mainly due to the fact that the results were obtained at different times due to the 
maintenance of the thermocouple and chamber. ................................................................................155 
Fig. 5.30. TPD profiles for H2O desorption from Cu(110)-(𝟐 × 𝟏)-O reconstructions (dT/dt) of 1 Ks
-1
 
at 0.06, 0.32 and 0.5 ML, adsorbed at 220 K (backed up 20 K prior to desorption). The peaks at (A) 
230 K are assigned to the decomposition of the H-bonded 1H2O:1OH chain structures, those at (B) 
269 K assigned to the Hydroxyl OH dimers and at 285 K to an additional high temperature H2O 
desorption structure. ..............................................................................................................................156 
Fig. 5.31. TPD profiles for H2O desorption from Cu(110)-(𝟐 × 𝟏)-O reconstructions (dT/dt) of 1 Ks
-1
 
at 0.06, 0.32 and 0.5 ML, adsorbed at 240 K (backed up 20 K prior to desorption). The peaks at (B) 
269 K assigned to the hydroxyl OH dimers and at 285 K to an additional high temperature H2O 
desorption structure. ..............................................................................................................................156 
Fig. 5.32. TPD profiles for H2O desorption from Cu(110)-(𝟐 × 𝟏)-O reconstructions (dT/dt) of 1 Ks
-1
 
at 0.06, 0.32 and 0.5 ML, adsorbed at 260 K (backed up 20 K prior to desorption). These peaks at 
285 K are assigned to the additional high temperature H2O desorption structure. .........................157 
Fig. 5.33. The comparative integrated breakdown of the amount of H2O associated only with the 
H-bonded 1H2O:1OH chain structures labelled (A) from the TPD peaks shown in Figures 5.29 to 
5.32. The total H2O content was measured relative to a single monolayer of H2O. The temperatures 
200, 220, 240 and 260 K correspond to the actual uptake temperatures on each of the individual 
Cu(110)-(𝟐 × 𝟏)-O reconstructions at 0.06, 0.32 and 0.50 ML. ............................................................157 
Fig. 5.34. The comparative integrated breakdown of the amount of H2O associated only with the 
hydroxyl OH dimers labelled (B) from the TPD peaks shown in Figures 5.29 to 5.32. The total H2O 
content was measured relative to a single monolayer of H2O. The temperatures 200, 220, 240 and 
260 K correspond to the actual uptake temperatures on each of the individual Cu(110)-(𝟐 × 𝟏)-O 
reconstructions at 0.06, 0.32 and 0.50 ML. ...........................................................................................158 
Fig. 5.35. The comparative integrated breakdown of the amount of H2O associated only with the 
high temperature structure labelled (BLUE) from the TPD peaks shown in Figures 5.29 to 5.32. The 
total H2O content was measured relative to a single monolayer of H2O. The temperatures 200, 220, 
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240 and 260 K correspond to the actual uptake temperatures on each of the individual 
Cu(110)-(2 × 1)-O reconstructions at 0.06, 0.32 and 0.50 ML. .............................................................158 
 
 
 
